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Abstract	  
The	  phytochemical	  EGCg,	   from	  green	  tea,	   is	  known	  to	  act	  as	  both	  a	   reducing	  agent	  and	  a	  
stabiliser	   to	   form	  stable	  gold	  nanoparticles	  within	  an	  appropriate	   range	  of	   concentrations	  
and	   ratios.	   Over	   40	   different	   synthesises	   were	   perform	   to	   optimise	   size,	   uniformity	   and	  
morphology,	  using	  the	  influence	  of	  reagent	  concentrations	  and	  stoichiometric	  ratios.	  These	  
optimised	  EGCg-­‐AuNPs	  are	  named	  as	  1G(1:1),	  1G(1:  !!),	  1G(1:  !!)	  and	  alt-­‐1G(1:1),	  which	  were	  
also	  shown	  to	  be	  stable	  in	  high	  salt	  concentrations	  in	  both	  high	  and	  low	  pH	  environments,	  
making	  them	  ideal	  for	  cells	  studies	  in	  vitro.	  
The	   degree	   of	   EGCg	   oxidation	   when	   forming	   nanoparticles	   was	   shown	   to	   have	   different	  
interaction	   patterns	   to	   proteins	   and	   also	   cellular	   uptake.	   Manipulation	   of	   nanoparticle	  
clusters	  size	  and	  hydrodynamic	  radii	  (Stoke	  radii)	  was	  shown	  for	  different	  optimised	  EGCg-­‐
AuNPs	  by	   the	  addition	  of	   free	  EGCg	   in	   solution.	  These	  were	  shown	  to	  effectively	   increase	  
nanoparticle	   internalisation	   in	  MDA-­‐MB-­‐231	  cells	  suggesting	  that	   the	   increase	  DLS	  radii	  or	  
free	  EGCg	  assisted	  in	  uptake	  of	  nanoparticles.	  
Optimised	   1G(1:1),	   1G(1:  !!)	   and	   1G(1:  !!)	  were	   shown	   to	   have	   greater	   influence	   on	   down-­‐
regulating	   genes	   associated	  with	   cancer	   invasion	   and	   cellular	  migration	   compared	   to	   free	  
EGCg	  of	  equal	  concentration.	  	  This	  suggests	  that	  chemically	  altered	  EGCg	  on	  gold	  still	  have	  
their	   primary	   functions	   and	   that	   cellular	   uptake	   of	   EGCg	   is	  much	   greater	   in	   EGCg-­‐AuNPs	  
than	   free	   EGCg	   in	   solution.	   These	   results	   have	   led	   to	   a	   conclusion	   that	   EGCg-­‐AuNPs	   are	  
potentially	  better	  than	  EGCg	  as	  anti-­‐cancer	  agents.	  
	  
	  
	    
 
Chapter	  1	  
Literature	  Review	  
	  
This	  chapter	  provides	  a	  brief	  account	  of	  nanotechnology	  and	  nanofabrication	  leading	  to	  the	  
history	  of	  colloidal	  gold	  synthesis	  and	  its	  uses.	  This	  follows	  on	  to	  the	  properties,	  stability	  and	  
uses	   of	   gold	   nanoparticles	   in	   medicine	   and	   drug	   delivery	   based	   on	   available	   literature.	  
Towards	   the	   end	   of	   the	   chapter,	   the	   properties	   of	   EGCg	   and	   cancer	   prevention	   were	  
discussed	  along	  with	  metabolic	  pathways	  and	  bioavailability.	  
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
	   	  
Chapter	  1	   2 
	  
1.1	  Introduction	  
Although	   nanotechnology	   is	   a	   relatively	   recent	   development	   in	   scientific	   research,	   the	  
central	  concepts	  were	  developed	  over	  a	  longer	  period	  of	  time.	  One	  of	  the	  conceptual	  origins	  
and	   inspirations	   before	   the	   term	   “nanotechnology”	   gain	   serious	   attention	   began	   in	   1959	  
when	  physicist	  Professor	  Richard	  Feynmen	  lectured,	  “There’s	  plenty	  of	  room	  at	  the	  bottom”	  
[1].	   He	   provoked	   the	   curiosity	   of	   fabricating	   future	   devices	   by	   directly	   manipulating	  
individual	  atoms	  as	  a	  more	  powerful	  form	  of	  synthetic	  synthesis.	  
The	   emergence	   of	   nanotechnology	   gain	   more	   attention	   in	   the	   1980s	   involving	   the	  
convergence	   of	   experimental	   advances	   such	   as	   the	   invention	   of	   the	   scanning	   tunneling	  
microscope	   (STM)	   in	   1981	   [2]	   and	   the	   discovery	   of	   fullerenes	   in	   1985	   [3],	   with	   the	  
popularisation	   of	   conceptual	   frameworks	   for	   goals	   of	   nanotechnology	   [4].	   Since	   then	   the	  
area	   of	   nanoscience	   has	   been	   growing,	   impacting	  many	   areas	   of	  modern	   science	   such	   as	  
chemistry,	   biology,	   physics	   and	   material	   science,	   offering	   a	   wide	   range	   of	   scientific	   and	  
technological	  applications	  [5-­‐7].	  	  
Although	   nanotechnology	   is	   the	   study	   of	   small	   things,	   the	   term,	   according	   to	   the	  
international	   standard	   organisation	   (ISO),	   is	   defined	   by	   the	   fabrication	   or	   design	   of	  
materials,	   structures	   or	   devices,	   where	   at	   least	   one	   dimension	   is	   controlled	   in	   the	  
nanometer	  scale	  (100	  nm).	  	  	  
	  
1.2	  Nanofabrication	  
1.2.1	  Overview	  
The	   fabrication	   of	   nanodevices	   and	   nanomaterials	   can	   be	   classified	   according	   to	  whether	  
their	   assembly	   is	   top-­‐down	   [9]	   or	   bottom-­‐up	   [10]	   (see	  Figure	   1).	   The	   top-­‐down	  approach	  
involves	   a	   large	   material	   then	   is	   then	   made	   smaller	   into	   working	   components	  
(nanostructures)	   by	   machinery.	   Techniques	   such	   as	   photolithography	   fall	   within	   this	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category	  and	  are	  widely	  use	  in	  the	  semiconductor	  industry	  [11-­‐12].	  On	  the	  other	  hand,	  the	  
bottom-­‐up	  approach	  involves	  the	  building	  up	  of	  working	  components	  from	  single	  molecules	  
either	   by	   applied	   driving	   forces	   or	   by	   self-­‐assembly.	   This	   is	   also	   the	   basis	   of	   molecular	  
nanotechnology.	  
	  
Figure	  1.	  Schematic	  representation	  of	  the	  formation	  of	  nanostructures	  via	  top-­‐down	  and	  bottom-­‐up	  
approaches.	  Image	  from	  La	  Rosa	  [8].	  
Both	   these	   approaches	   have	   their	   advantages	   and	   disadvantages	   and	   are	   estimated	  
according	  to	  their	  speed,	  reproducibility	  and	  cost	  [8].	  
1.2.2	  Top-­‐down	  strategy	  
There	   are	   several	   ways	   of	   achieving	   top-­‐down	   fabrication,	   and	   one	   of	   the	   traditional	  
methods	   is	   attrition	   and	   “milling”.	   This	   approach	   includes	   shaker	  mills,	   attritor	   mills	   and	  
planetary	   ball	   mills	   depending	   on	   the	   	   difference	   	   of	   	   milling	   	   device	   	   and	   media	   [13].	  	  
Products	  usually	  have	  varied	  morphologies	  and	  size	  distribution	  ranging	  from	  10	  nm	  to	  1000	  
	  
Figure	  2.	  (A)	  Photomicrograph	  and	  (B)	  TEM	  image	  of	  grounded	  product	  of	  iron	  oxide	  (mill	  rotational	  speed	  =	  
600	  rpm,	  milling	  time	  =	  10	  h).	  Image	  from	  Arbain	  [14].	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nm	   (see	   Figure	   2)	   and	   are	   often	   used	   in	   the	   preparation	   of	   nanocomposites	   and	   nano-­‐
grained	  bulk	  materials	  since	  it	  is	  a	  convenient	  process	  and	  have	  a	  massive	  yield	  rate	  [14].	  
Another	   top-­‐down	  approach	   is	   in	  microelectronics.	  Advanced	   lithography	   techniques	   such	  
as	  electron	  beam	  lithography	  [15],	  ion	  beam	  lithography	  [16]	  and	  X-­‐ray	  lithography	  [17]	  are	  
often	  employed	  to	  create	  functional	  nanoscale	  patterns	  with	  spatial	  ordering	  and	  controlled	  
size	   uniformity	   [18].	   This	   process	   has	   three	   major	   steps,	   which	   involves	   i)	   deposition	   of	  
coatings	   or	   thin	   films	   on	   a	   substrate,	   ii)	   obtaining	   desired	   shapes	   using	   lithography	  
techniques	  and	  iii)	  pattern	  transfer	  using	  selective	  etching	  or	  lift-­‐off	  process	  of	  films	  [12].	  
Currently,	   the	  maximum	  resolutions	  of	   lithographic	  patterns	  are	   significantly	   coarser	   than	  
the	  dimensions	  of	  structures	  made	  by	  bottom-­‐up	  fabrication	  due	  to	  diffraction	   limits	  [19].	  
Nevertheless,	   lithographic	   techniques	   are	  more	   ordered	   than	   bottom-­‐up	   approaches	   and	  
are	  likely	  to	  continue	  to	  advance	  and	  be	  employed	  [18].	  
1.2.3	  Bottom-­‐up	  strategy	  
1.2.3.1	  Self-­‐assembly	  and	  atom	  manipulation	  
Two	   key	   methods	   of	   bottom-­‐up	   fabrication	   are	   represented	   by	   self-­‐assembly	   and	   atom	  
manipulation	  (see	  Figure	  3).	  	  
Majority	   of	   bottom-­‐up	   fabrication	   involves	   self-­‐assembly,	   where	   molecules	   or	   atoms	  
spontaneously	   assemble	   to	   form	   higher	   ordered	   desired	   structures.	   Nature	   itself	   utilises	  
self-­‐assembly	  in	  creating	  nanostructures.	  For	  example,	  cells	  use	  the	  building	  blocks	  of	  amino	  
acids	  to	  create	  complex	  proteins.	  	  
It	  was	   only	   since	   the	   invention	   of	   the	   STM,	   that	   nanostructures	   could	   be	  man-­‐made	   in	   a	  
controllable	  manner	  via	  scanning	  probe	  techniques	  	  [22].	  The	  fundamental	  principle	  for	  	  this	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Figure	  3.	  Bottom-­‐up	  approaches	  –	  atom	  manipulation	  (A)	  and	  self-­‐assembly	  (B).	  (A)	  Atomic	  manipulation	  using	  
STM	  to	  deposit	  Xe	  atoms	  on	  a	  Ni	  (110)	  surface	  [20].	  (B)	  Assembly	  of	  surfactant	  structures	  in	  water	  as	  the	  
concentration	  of	  surfactant	  increases	  [21].	  
technique	  is	  based	  on	  the	  quantum	  mechanical	  phenomenon	  known	  as	  “tunneling”,	  which	  
involves	  electrons	  tunneling	  between	  the	  STM-­‐tip	  to	  the	  sample	  when	  a	  voltage	  is	  applied	  
[23].	  Since	   tunneling	  current	  exponentially	  varies	  with	   tip-­‐sample	  distance,	   sensitivity	  of	  a	  
fraction	   of	   atomic	   lengths	   can	   be	   detected	   	   [23].	   This	   allows	   the	   seeing	   of	   atoms	   	   and	  	  
atomic	  	  manipulation	  	  by	  	  altering	  	  the	  	  voltage	  	  to	  	  pick	  	  up	  	  and	  	  place	  	  molecules	  	  or	  	  atoms	  	  
	  
Figure	  4.	  Induced	  reactions	  by	  physical	  placement	  using	  STM	  tip	  to	  assemble	  an	  iron	  carbonyl	  molecule,	  
beginning	  with	  Fe	  and	  CO	  molecules	  (1,	  2,	  3),	  joining	  them	  to	  produce	  FeCO	  (4),	  then	  adding	  a	  second	  CO	  
molecule	  to	  give	  Fe(CO)2.	  Image	  from	  Lee	  [24].	  
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
	   	  
Chapter	  1	   6 
	  
desirably.	   For	   example,	   Lee	   et	   al	   [24]	   has	   demonstrated	   inducing	   reactions	   by	   physical	  
placement	  using	  an	  STM	  tip	  to	  form	  Fe(CO)2	  (see	  Figure	  4).	  
However,	   the	   practicality	   of	   this	   strategy	   in	   nanofabrication	   of	   numerous	   devices	   or	  
structures	  has	  not	  yet	  been	  visible	  [18].	  And	  thus	  self-­‐assembly	  has	  still	  been	  considered	  a	  
more	  popular	  bottom-­‐up	  approach	  at	  this	  stage.	  
Self-­‐assembly	   in	  a	  classic	  sense	   is	  defined	  as	  a	  spontaneous	  and	  reversible	  organisation	  of	  
molecules	   or	   atoms	   into	   ordered	   structures	   by	   non-­‐covalent	   interactions.	   Generally,	  
chemical	  reactions	  proceed	  towards	  disorder	  under	  thermodynamic	  parameters;	  however,	  
precipitation	  reactions,	  which	  drive	  atoms	  and	  molecules	  to	  assemble	   into	  higher	  ordered	  
structures,	  also	  fall	  within	  the	  category	  of	  self-­‐assembly.	  	  
In	   self-­‐assembly,	   the	   ability	   to	   control	   particle	   size	   and	   shape,	   size	   distribution,	   particle	  
composition	  and	  particle	  agglomeration	  essentially	  requires	  considerable	  understanding	  of	  
the	  energetics	  by	  which	  molecules	  interact	  and	  the	  careful	  control	  of	  the	  conditions	  during	  
assembly	   [25-­‐26].	   This	   includes	   understanding	   molecular	   affinity	   and	   biorecognition	  
mechanisms,	   which	   depends	   on	   hydrogen	   bonding,	   steric	   repulsion	   and	   geometry,	   π-­‐π	  
interactions,	   van	   dar	   waals	   and	   electrostatic	   forces.	   In	   some	   cases,	   self-­‐assembly	   can	   be	  
aided	  with	  external	  fields	  or	  templates	  and	  seeds	  that	  enhance	  the	  thermodynamic	  forces	  
driving	  self-­‐assembly,	  these	  are	  known	  as	  directed	  or	  guided	  self-­‐assembly	  [27].	  
Nowadays,	  most	  nanostructures	  are	  manufactured	  based	  on	   chemical	  processes	   involving	  
transformations	  in	  gas	  or	  liquid	  phases	  utilising	  both	  self-­‐assembly	  and	  guided	  self-­‐assembly	  
techniques.	   This	   involves	   methods	   to	   control	   formation	   of	   growth	   and	   formation	   of	  
nanoparticles	   by	   arresting	   precipitation	   [28],	   either	   by	   exhaustion	   of	   a	   reagent	   or	  
introduction	   of	   chemicals	   that	   would	   cease	   a	   reaction,	   or	   physical	   restriction	   of	   growth	  
volume	   of	   individual	   nanoparticles	   using	   templates	   [29-­‐30].	   As	   an	   example,	   Figure	   5	  
demonstrates	  precipitation	  arrest	  by	  exhaustion	  in	  fast	  and	  slow	  nucleation	  rates	  leading	  to	  
different	  sizes	  of	  nanocrystals.
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Figure	  5.	  Schematic	  diagram	  of	  the	  precipitation	  of	  nanocrystals	  until	  arrest	  occurs.	  Image	  from	  Shevchenko	  
[31].	  
1.2.4	  Applications	  
Nanofabricated	  materials	   offer	  many	   unique	   properties	   compared	   to	   its	   bulk	   form.	   They	  
have	  been	  used	   in	  a	  wide	  range	  of	  applications	  such	  as	  sensing	  and	   imaging	  [32-­‐33],	  drug	  
delivery	   [34],	   electronics	   [35],	   cosmetics	   [36],	   lightweight	   and	   stronger	   materials	   [37],	  
remediation	  [38],	  fuel	  and	  energy	  efficient	  technologies	  [39],	  and	  many	  others.	  
Carbon	   nanotubes	   are	   lightweight,	   at	   least	   117	   times	   stronger	   than	   steel	   and	   30	   times	  
stronger	  than	  Kevlar,	  a	  material	  used	  in	  bulletproof	  vests	  [40].	  The	  high	  surface-­‐to-­‐volume	  
ratio	   of	   nanoparticles	   has	   been	   use	   as	  more	   effective	   catalysts	  making	   the	   production	   of	  
fuel	  and	  other	  products	  more	  economical	  [39].	  Porous	  silicon	  nanoparticles	  have	  been	  used	  
in	   the	   anode	   of	   lithium	   ion	   batteries	   that	   allow	   faster	   recharge	   times	   compared	   to	  
traditional	  lithium	  ion	  batteries	  [41].	  
The	  bionanotechnology	  company	  Abraxis	  Bioscience	  uses	  albumin	  nanoparticles	  as	  a	  drug	  
delivery	  shell	  to	  carry	  cytotoxic	  agents	  –	  Abraxane	  [42].	  Unlike	  introducing	  ‘free	  drugs’	  that	  
could	   damage	   healthy	   cells,	   the	   natural	   occurring	   protein,	   albumin,	   which	   uptake	   is	  
extremely	   high	   in	   cell	   cancers,	   is	   made	   into	   nanoparticles	   carrying	   cytotoxic	   agents;	   this	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increases	   the	   solubility	   of	   the	   drug	   compared	   to	   its	   pristine	   and	   offers	   a	   more	   targeted	  
tumor	  approach	  [43].	  
Similarity	  to	  this,	  gold	  nanoparticles,	  because	  of	   its	   low	  reactivity	  and	  toxicity	  profiles	  [44]	  
and	   functionalities	   based	   on	   surface	   ligand	   properties	   [45],	   has	   been	   used	   in	   many	  
biomedical	   applications.	   Like,	   abraxane,	   gold	   nanoparticles	   have	   been	   use	   to	   offer	   more	  
targeted	  approaches	  and	  increase	  overall	  drug	  solubility	  [46].	  Gold	  nanoparticles	  also	  offer	  
unique	  plasmon	  properties	  that	  are	  used	  as	  markers	  in	  imaging	  techniques	  [47].	  They	  have	  
been	  used	  as	  photothermal	  therapy	   in	  which	   irradiating	  with	  suitable	  wavelengths	  can	  kill	  
bacteria	   [48]	   and	   cancer	   cells	   [49].	   The	   morphology,	   shape	   and	   size	   also	   offer	   different	  
functionalities.	  As	  an	  example,	   the	  presence	  of	  sharp	  edges	  and	  tips	   in	  gold	  nanoparticles	  
significantly	  promotes	  electric	  field	  enhancement,	  useful	  for	  optical	  sensing	  of	  chemical	  and	  
biomolecules	  [50].	  
Since	  nanoscience	  is	  still	  largely	  in	  the	  “discovery	  phase”,	  the	  diverse	  routes	  of	  synthesises	  
has	  been	  focused	  on	   identifying	  new	  properties	  and	  applications.	  As	  a	  result,	  hazards	  and	  
waste	   produced	   during	   the	   process	   is	   often	   deferred	   [51].	   Given	   the	   anticipated	   wide	  
application	  and	  distribution	  of	  these	  materials,	  it	  is	  important	  to	  move	  to	  greener	  approach	  
in	  synthesis,	  products	  and	  applications.	  For	  this	  reason,	  the	  synthesis	  of	  gold	  nanoparticles	  
by	  precipitation	  through	  green	  chemistry	  reduction	  of	  gold	  salts	  will	  be	  focused	  on.	  
	  
1.3	  History	  of	  Colloidal	  Gold	  
Gold	   colloids	   are	   very	   different	   from	   its	   bulk	   counterparts	   exhibiting	   new	   properties	   and	  
mechanisms	  and	  have	  attracted	  mankind	  centuries	  ago	  due	  to	  their	  medicinal	  value	  [52-­‐53]	  
and	   brilliant	   colors,	   which	   are	   four	   to	   five	   magnitudes	   higher	   than	   that	   of	   organic	  
chromophores	   [54].	   Eastern	   traditions	   have	   long	   used	   colloidal	   gold	   as	   a	   therapeutic	  
medicine	   [55-­‐56].	   In	   ancient	   China,	   red	   colloidal	   gold	  was	   used	   as	   an	   alchemical	   drug	   for	  
longevity.	   In	   ancient	   India,	   gold	   colloids	   were	   used	   to	   enhance	   strength,	   potency	   and	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promote	  longevity	  and	  have	  been	  well	  documented	  in	  books	  of	  Indian	  traditional	  medicine	  
(Ayurveda)	  like	  ‘Vedas’	  and	  ‘Charaka	  Samhita’.	  Nowadays,	  gold	  colloids,	  under	  the	  name	  of	  
Swarna	  Bhasma	  are	  still	  in	  use	  in	  India	  prescribed	  by	  Ayurvedic	  physicians	  for	  revitalization	  
and	  rejuvenation	  in	  old	  age	  [55].	  
Also,	  during	   the	  4th	  and	  5th	   century	  A.	  D.,	  Romans	  have	  used	   the	  vibrant	  colours	  of	  noble	  
metal	  colloids	  as	  pigments	  for	  decorative	  arts	  in	  colouring	  glass	  and	  ceramics.	  	  
	  
Figure	  6.	  Lycurgus	  cup	  in	  4th	  century	  A.	  D.	  now	  preserved	  in	  the	  British	  Museum.	  (A)	  Lit	  from	  the	  outside.	  (B)	  Lit	  
from	  the	  inside.	  
One	  of	  the	  oldest	  artifact	  based	  on	  this	  process	  is	  the	  Lycurgus	  cup	  (Figure	  6),	  a	  glass	  vessel	  
produced	  in	  4th	  century	  A.	  D.,	  which	  consist	  of	  an	  alloy	  of	  gold	  and	  silver	  (3:7)	  having	  particle	  
sizes	   of	   ~70	   nm	   [56].	   During	   the	   middle	   ages,	   metal	   colloids	   were	   extensively	   used	   in	  
cathedrals	   around	   Europe	   in	   decorating	   glass	   windows.	   The	   famous	   “Purple	   of	   Cassius”,	  
discovered	  by	  the	  glassmaker	  Andreus	  Cassius	  (1685	  A.	  D.)	  was	  made	  by	  reacting	  gold	  with	  
tin	  chloride	  and	  had	  been	  used	  extensively	  for	  colouring	  glass	  in	  the	  17th	  century	  [57].	  It	  was	  
only	  around	  1897	  A.	  D.	  that	  Richard	  Zsigmondy	  showed	  that	  “Purple	  of	  Cassius”	  consisted	  of	  
colloidal	   gold	   supported	   on	   tin	   dioxide.	   Interestingly,	   these	   principal	   techniques	   are	   now	  
used	   today	   in	  producing	  glass	  with	   red	  coloration,	  as	  well	  as	  determining	   the	  presence	  of	  
gold	  as	  a	  chemical	  test.	  
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
	   	  
Chapter	  1	   10 
	  
Along	  with	  the	  emergence	  of	  colloidal	  and	  cluster	  chemistry,	  there	  were	  several	  attempts	  in	  
providing	  scientific	  rationales	  for	  the	  brilliant	  optical	  properties	  of	  metal	  colloids.	  Jeremias	  
Benjamin	  Richter	  (1818	  A.	  D.)	  suggested	  that	  the	  purple	  substance	  that	  precipitated	  out	  was	  
a	   result	   of	   extremely	   finely	   divided	   gold	   whereas	   yellow	   color	   originates	   from	   the	  
aggregation	  of	  these	  fine	  particles.	  A	  systematic	  study,	  though,	  was	  not	  undertaken	  until	  the	  
work	  of	  Michael	  Faraday	  (1857	  A.	  D.)	  where	  he	  first	  succeeded	  in	  preparing	  gold-­‐sols	  in	  the	  
laboratory	  by	  reducing	  sodium	  chloroaurate	  (NaAuCl4)	  to	  phosphorus	  in	  carbon	  disulfide.	  He	  
recognised	   that	   the	   color	   of	   gold	   colloids	   originates	   from	   gold	   being	   reduced	   into	  
exceedingly	  fine	  particles	  that	  become	  diffused	  in	  solution,	  which	  he	  called	  ‘divided	  metals’	  
[58].	  However,	  a	  complete	  explanation	  of	  the	  colors	  of	  gold	  colloids	  was	  still	  not	  possible.	  
Gold	  colloids	  are	  usually	  brilliant	  red	  in	  the	  range	  of	  10-­‐80	  nm,	  however	  exceeding	  particle	  
sizes	  of	  100	  nm	  changes	  color	  to	  blue,	  indigo	  and	  eventually	  to	  bluish	  green	  at	  180	  nm	  [59].	  
Rayleigh	   scattering	   [60]	   would	   only	   give	   blue	   scattered	   light.	  Maxwell-­‐Garnett	   [61]	   could	  
only	  show	  the	  red	  color	  of	  gold	  colloids	  by	  applying	  the	  theory	  for	   inhomogeneous	  media	  
developed	  by	  Lorenz	  [62].	  
Around	   the	   same	   time	   as	   Faraday’s	   investigations,	   James	   Clerk	   Maxwell	   (1864	   A.	   D.)	  
developed	  a	   theory	  of	   light	  as	  an	  electromagnetic	  wave.	   It	  was	  only	  until	   1908	  A.	  D.	   that	  
Gustav	  Mie	  solved	  Maxwell’s	  equations	   for	  scattering	   light	  by	  spherical	  gold	  nanoparticles	  
providing	   an	   explanation	   for	   the	   colors	   of	   gold	   colloids	   [63].	   His	   solutions	   demonstrated	  
resonant	  structures	  in	  the	  scattering	  spectra	  and	  are	  now	  referred	  to	  as	  plasmon	  resonance.	  	  
It	  was	   later	   recognised	   that	  metal	   nanoparticles	   of	   various	   shapes	   and	   sizes	   have	   unique	  
electronic	  [53,	  66],	  thermal	  [64],	  optical	  [65]	  and	  catalytic	  [66]	  properties	  and	  have	  potential	  
applications	  in	  fields	  of	  physics,	  biology	  and	  medicine,	  chemistry,	  material	  science	  and	  their	  
interdisciplinary	   fields.	   This	   has	   initiated	   many	   activities	   on	   the	   synthesis	   of	   metal	  
nanoparticles	  of	  varying	  shape	  and	  sizes	  and	  investigations	  into	  their	  optical	  properties.	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1.4	  Properties	  of	  Nanoparticles	  
	  
Figure	  7.	  Representation	  of	  the	  electronic	  states	  and	  the	  effect	  of	  size	  on	  quantisation	  [67].	  When	  particle	  size	  
is	  decreased,	  the	  energy	  bands	  gradually	  convert	  into	  discrete	  molecule	  electronic	  levels.	  
The	   consequence	   of	   reducing	   the	   size	   and	   dimensionality	   of	   materials	   results	   in	   drastic	  
changes	   in	   the	   electronic	   properties	   (as	   demonstrated	   in	   Figure	   7).	   The	   large	   surface-­‐to-­‐
volume	   ratio	   results	   in	   the	   number	   of	   surface	   atoms	   being	   similar	   or	   higher	   than	   those	  
located	  within	  the	   lattice	  core,	  thus	  making	  surface	  properties	  no	   longer	  negligible.	  This	   is	  
the	   case	  with	   gold	   and	   silver	   colloidal	   nanoparticles,	   which	   appear	   to	   be	   red	   and	   yellow	  
respectively	  compared	  to	  its	  bulk	  optical	  properties.	  
According	   to	   the	   Drude-­‐Lorentz	   model,	   nanoparticles	   such	   as	   gold	   and	   silver	   exist	   in	   a	  
plasma	   state	   [68]	  –	   they	  are	   large	  enough	   to	   support	   a	   conduction	  band	   resulting	   in	   free	  
electrons	   in	   the	   d-­‐orbital	   at	   room	   temperature.	   Mie’s	   solution	   describes	   the	   extinction	  
spectra	  of	  nanoparticles	  consisting	  of	  both	  scattering	  and	  absorption,	  which	  is	  given	  by	  the	  
summation	  of	  all	  electric	  and	  magnetic	  oscillations	  [63].	  And	  because	  the	  free	  mean	  path	  of	  
electrons	   in	   silver	   and	   gold	   is	   ~40-­‐50nm	   [68],	   particles	   smaller	   than	   this	   are	   expected	   to	  
have	   scattering	  only	  occurring	  on	   the	   surface.	  The	   light	  absorption	   from	  Mie’s	   solution	   in	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metal	   nanoparticles	   originates	   from	   a	   phenomenon	   called	   Localised	   Surface	   Plasmon	  
Resonance	   (LSPR)	   [65].	   As	   a	   result,	   when	   light	   of	   a	   much	   bigger	   wavelength	   than	   the	  
nanoparticle	  size	  interacts	  with	  it,	  a	  standing	  resonance	  can	  be	  set	  up	  as	  represented	  below	  
(Figure	  8).	  
	  
Figure	  8.	  A	  schematic	  of	  plasmon	  oscillation	  showing	  the	  displacement	  of	  the	  conduction	  electron	  charge	  
cloud	  in	  relation	  to	  the	  nuclei.	  Image	  from	  Kelly	  [50].	  
As	   the	  wave	   front	   incident	   light	  passes,	   the	  electron	  density	   is	  polarised	  over	   the	   surface	  
and	  oscillates	   in	   resonance	  with	   the	  wavelength	  of	   the	   incident	  electromagnetic	   radiation	  
causing	  a	  standing	  oscillation.	  These	  collective	  oscillations	  of	  free	  electrons	  in	  the	  metal	  are	  
referred	  to	  as	  surface	  plasmons	  and	  results	   in	   intense	  absorption	   in	  the	  electronic	  spectra	  
causing	   the	   dominant	   optical	   properties	   of	   small	   metal	   nanoparticles.	   The	   resonance	  
condition	  can	  be	  express	  similarly	  to	  plasma	  oscillations	  (ωp)	  given	  by:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝜔! ∽ !!!!! 	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  (1)	  
where	  N	  is	  the	  number	  density	  of	  electrons,	  e	  is	  the	  electron	  charge	  and	  me	  is	  the	  effective	  
mass	  of	  electron,	  which	  depends	  on	  the	  material.	  This	  allows	  tuning	  of	  optical	  properties	  by	  
varying	   the	   number	   density	   of	   electrons,	   which	   is	   dependent	   upon	   the	   size,	   shape	   and	  
dielectric	  functions	  of	  both	  the	  metal	  and	  the	  surrounding	  material	  [50,	  70].	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When	  size	  and	  shape	  are	  changed,	  the	  surface	  geometry	  changes	  and	  causes	  a	  shift	  in	  the	  
electric	   field	   density	   on	   the	   surface,	   due	   to	   the	   metal	   dielectric	   function	   being	   size	  
dependent	   [71,	   72].	   This	   changes	   the	   oscillation	   frequency	   to	   which	   electrons	   oscillate	  
generating	   different	   cross-­‐sections	   for	   optical	   properties	   including	   scattering	   and	  
absorption.	  
Changes	   in	   the	   dielectric	   properties	   by	   the	   surrounding	   material	   such	   as	   the	   solvent	  
molecules	  affects	  the	  oscillating	  frequency	  that	  in-­‐turn	  varies	  the	  ability	  of	  nanoparticles	  to	  
accommodate	   electron	   charge	   density	   on	   the	   surface.	   However,	   the	   capping	   material	   is	  
most	  important	  in	  determining	  the	  shift	  in	  plasmon	  resonance	  due	  to	  the	  local	  nature	  of	  its	  
effect	   on	   the	   surface.	   Chemically	   bonded	   molecules	   on	   the	   surface	   can	   be	   detected	   by	  
changes	   in	   electron	   density	   on	   the	   surface,	   which	   results	   in	   a	   shift	   of	   surface	   plasmon	  
absorption	  maximum.	  This	  is	  the	  basis	  of	  surface	  plasmon	  resonance	  spectroscopy	  [73].	  
	  
1.5	  Stability	  of	  Nanoparticles	  
1.5.1	  Overview	  
The	  stability	  of	  colloidal	  dispersions	  is	  an	  important	  subject	  for	  both	  industrial	  and	  academic	  
points	  of	  view	  [74].	  And	  since	  colloidal	  systems	  have	  been	  presenting	  vast	  applications	  and	  
technological	  advances,	  preventing	  aggregation	  is	  essential	  to	  avoid	  the	  loss	  of	  function.	  
1.5.2	  Thermodynamic	  Stability	  
The	   second	   law	   of	   thermodynamics	   states	   that	   the	   entropy	   of	   an	   isolated	   system	   never	  
decreases	  in	  a	  spontaneous	  change,	  but	  instead	  increases	  over	  time	  until	  it	  has	  reached	  its	  
maximum	  at	  thermodynamic	  equilibrium	  [75].	  This	  meaning	  that	  nature	  will	  trend	  towards	  
disorder	  instead	  of	  order.	  The	  German	  scientist,	  Rudolf	  Clausius,	  who	  laid	  the	  foundation	  for	  
the	  second	  law	  stated	  “heat	  cannot	  pass	  itself	  from	  a	  colder	  to	  a	  hotter	  body”	  [76].	  This	  law	  
of	  nature	  determines	  whether	  a	  process	  happens	  naturally	  or	  not.	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In	  terms	  of	  surface	  area	  and	  surface	  tension,	  a	  spontaneous	  process	  occurs	  when	  the	  Gibb’s	  
free	  energy	  (∆G	  ≤	  0)	  is	  negative,	  given	  by	  ∆G	  =	  ɣ	  ·∙	  ∂A	  [77].	  Because,	  ɣ,	  the	  surface	  tension	  is	  
always	  positive,	  a	  spontaneous	  process	  occurs	  when	  ∂A	  <	  0	  thus	  the	  system	  is	  always	  trying	  
to	  reduce	  surface	  area.	  
Nanoparticles	   have	   a	   huge	   surface	   to	   volume	   ratio	   but	   remain	   stable	   despite	   the	   second	  
law.	   This	   stability	   is	   contributed	   to	   an	   electrical	   double	   layer	   of	   surface	   charge	   causing	  
repulsion	   from	   aggregation	   between	   particles.	   Thus	   nanoparticles	   are	   thermodynamically	  
unstable,	  but	  kinetically	  stable	  [78].	  
1.5.3	  Kinetic	  Stability	  
The	  Stern	  model,	  developed	  in	  the	  early	  1920s,	  was	  a	  depiction	  of	  a	  double	  layer	  present	  in	  
colloids	   taking	   into	  account	  Helmholtz	  model	  of	   the	   inner	   region	  of	  adsorbed	   ions	  on	   the	  
surface	   of	   the	   colloid	   and	   Gouy-­‐Chapman	   model	   of	   the	   diffuse	   layer,	   where	   ions	   are	  
distributed	  according	  to	  thermal	  motion	  and	  electrical	  forces	  [79],	  demonstrated	  in	  Figure	  9.	  
This	   double	   layer	   attributes	   to	   the	   slow	   rate	   of	   kinetics,	   which	   makes	   thermodynamic	  
instability	  of	  little	  practical	  consequence	  [78].	  
	  
Figure	  9.	  Stern’s	  model	  of	  the	  electrical	  double	  layer	  of	  nanoparticles	  in	  solution,	  which	  includes	  the	  tightly	  
bound	  inner	  region	  (adsorbed	  layer)	  that	  maintains	  interparticle	  repulsion	  and	  a	  diffused	  layer	  (Gouy	  
Chapman’s	  layer)	  that	  provides	  compatibility	  between	  the	  solvent	  environment	  and	  the	  dissolved	  
nanoparticles.	  Adapted	  from	  Dahl	  [51].	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A	   quantitative	   theory	   of	   stabilisation	   and	   aggregation	   of	   nanoparticles	   in	   aqueous	  
dispersions	  were	  put	   together	  by	  Derjaguin	   and	   Landau,	  Verwey	  and	  Overbeek	   (DLVO)	   in	  
the	   late	   1940s,	   stating	   that	   the	   stability	   depends	   between	   the	   repulsive	   forces	   of	  
electrostatic	  repulsion,	  which	  	  
	  
Figure	  10.	  	  (A)	  The	  summation	  of	  attractive	  and	  repulsive	  forces	  leads	  to	  a	  potential	  barrier.	  When	  the	  
potential	  barrier	  >	  0,	  the	  colloid	  is	  stable	  and	  does	  not	  aggregate.	  (B)	  At	  the	  critical	  coagulation	  concentration	  
(CCC),	  potential	  barrier	  =	  0,	  irreversible	  aggregation	  (coagulation)	  occurs,	  as	  compared	  to	  reversible	  
aggregation	  (flocculation).	  
depends	   on	   the	   double	   layer	   thickness	   (Debye	   length),	   and	   attractive	   forces	   of	   van	   der	  
Waals	   [80-­‐81],	   see	   Figure	   10.	   The	   Debye	   length	   can	   be	   reduced	   by	   the	   addition	   of	  
countercharge	  ions	  from	  that	  of	  the	  charged	  sol	  –	  the	  stronger	  the	  counter	  ion	  charge,	  the	  
stronger	   the	  effect	  of	  destabilization	   [82].	  Aggregation	  occurs	  when	  van	  der	  Waals	   forces	  
between	  particles	  become	  dominant	  over	  electrostatic	  repulsion.	  
Steric	   repulsion	   by	   adsorption	   or	   grafting	   of	   polymers	   and	   proteins	   onto	   the	   surface	   add	  
additional	  stabilisation	  from	  aggregation	  [83].	  Greater	  the	  geometric	  constraints	  around	  the	  
nanoparticle	  such	  as	  large	  and	  bulky	  molecules	  provide	  greater	  stabilisation	  and	  elongated	  
or	   conical	   geometry	   provides	   stabilisation	   by	   keeping	   approaching	   nanoparticles	   apart.	  
Unlike	  electrostatic	  stabilisation,	  steric	  repulsion	  is	  not	  effected	  by	  high	  salt	  concentrations	  
[84].	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1.5.4	  Zeta	  Potential	  
An	  analytical	  analysis	  that	  plays	  at	  important	  role	  in	  DLVO	  theory	  of	  aggregative	  stability	  is	  
the	   measurement	   of	   the	   zeta	   potential	   (electrokinetic	   potential).	   Zeta	   potential	   can	   be	  
defined	  as	  the	  electric	  potential	  built	  up	  at	  the	  interface	  of	  the	  double	  layer	  [85].	  It	  depends	  
on	  the	  properties	  of	  the	  surrounding	   liquid	  as	  well	  as	  the	  colloidal	  surface.	  The	  higher	  the	  
zeta	  potential,	  the	  stronger	  the	  repulsion	  between	  colloids,	  the	  more	  stable	  the	  dispersion	  
becomes,	   whereas	   low	   zeta	   potential	   may	   have	   attractive	   forces	   exceeding	   repulsion	  
leading	  to	  flocculation	  or	  coagulation.	  Although	  there	  is	  a	  buildup	  in	  electric	  surface	  charge,	  
the	  colloid	  itself	  is	  electrically	  neutral	  due	  to	  the	  countercharge	  of	  the	  diffuse	  layer,	  which	  is	  
in	  motion	  relative	  to	  the	  surface.	  A	  graph	  representation	  is	  shown	  in	  Figure	  11.	  
	  
Figure	  11.	  Zeta	  potential	  is	  the	  electric	  potential	  corresponding	  to	  the	  slipping	  plane.	  A	  negatively	  charged	  
colloid,	  which	  depends	  on	  the	  nature	  of	  the	  capping	  agent,	  gives	  a	  negative	  zeta	  potential	  and	  vice	  versa.	  It	  is	  
measured	  in	  mV	  and	  cannot	  exceed	  100	  mV.	  Adapted	  from	  [86].	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Zeta	  potential	  cannot	  be	  measured	  directly	  but	  is	  calculated	  with	  theoretical	  models	  and	  an	  
experimental-­‐determined	  electrophoretic	  mobility	   [87,	  88].	   Two	  usual	   sources	  of	  data	  are	  
electrokinetic	   phenomena	   and	   electroacoustic	   phenomena.	   In	   electrokinetic	   phenomena,	  
electrophoresis	  is	  readily	  used	  to	  estimate	  zeta	  potential.	  This	  involves	  applying	  an	  electric	  
field	  to	  determine	  colloidal	  motion.	  The	  direction	  of	  motion	  determines	  the	  charge	  and	  the	  
velocity	   per	   unit	   electric	   field	   is	   the	   electrophoretic	   mobility.	   This	   velocity	   can	   be	  
determined	  instrumentally	  through	  images	  of	  moving	  particles	  (microelectrophoresis)	  or	  by	  
a	   frequency	   shift	   caused	   by	   Doppler	   effect	   (electrophoretic	   light	   scattering)	   [89].	   The	  
relation	  between	  zeta	  potential	  and	  electrophoretic	  mobility	  is	  given	  by:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ζ = !!∙!!!!∙!(!")	  	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  (2)	  
where	  ζ	   is	   the	  zeta	  potential,	  UE	   is	   the	  electrophoretic	  mobility,	  η	   is	   the	  shear	  viscosity	  of	  
fluid,	  ε	  is	  the	  dielectric	  constant	  and	  f(κa)	  is	  Henry’s	  function,	  which	  takes	  into	  account	  the	  
reciprocal	  of	   the	  Debye	   length,	  κ,	  and	   the	  particle	   radius,	  a.	  The	  Henry	   functions	   for	  both	  
aqueous	  (thin	  double	  layer)	  and	  non-­‐polar	  (thick	  double	  layer)	  media	  are	  explained	  in	  Figure	  
12.	  
In	  aqueous	  media,	  one	  of	  the	  key	  factors	  affecting	  zeta	  potential	  is	  the	  pH.	  A	  zeta	  potential	  
value	  without	  defining	   solution	   conditions	   is	   an	   insignificant	  number,	   especially	  when	   the	  
capping	   agent	   has	   multiple	   dissociation	   and	   protonation	   constants.	   As	   an	   example,	   in	   a	  
negatively	  charge	  sol,	  when	  the	  alkali	   is	  added,	  the	  colloids	  tend	  to	  acquire	  more	  negative	  
charge,	  which	  arises	  from	  dissociation	  of	  acidic	  surface	  functional	  groups	  [92].	  
Another	   factor	   affecting	   zeta	   potential	   is	   the	   electrolyte	   concentration,	   in	   which	  
countercharge	  ions	  reduce	  the	  Debye	  length,	  thus	  affecting	  zeta	  potential	  [82].	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Figure	  12.	  Henry’s	  function	  generally	  has	  a	  value	  of	  either	  1.5	  or	  1.0.	  When	  the	  radius	  of	  the	  colloid	  is	  greater	  
than	  the	  Debye	  length,	  ie	  κ	  ·∙	  a	  ≫	  1,	  Henry’s	  function	  value	  is	  1.5	  (Smoluchwski	  approximation	  [90]).	  However,	  
when	  the	  Debye	  length	  is	  greater	  than	  the	  colloid	  radius,	  electrophoretic	  retardation	  effect	  due	  to	  counter	  
ions	  in	  the	  diffuse	  layer	  becomes	  negligible	  in	  which	  Huckel	  [91]	  considered	  the	  force	  as	  the	  frictional	  
resistance	  of	  the	  medium,	  ie	  κ	  ·∙	  a	  <	  1,	  Henry’s	  function	  value	  is	  1.0	  (Huckel	  approximation).	  Smoluchowski’s	  
theory	  commonly	  applies	  for	  aqueous	  media	  whereas	  Huckel’s	  theory	  commonly	  applies	  to	  non-­‐polar	  media.	  
	  
1.6	  Surface	  Functionality	  of	  Colloidal	  Gold	  
1.6.1	  Overview	  
The	   surface	   functionality	   plays	   multiple	   roles	   and	   is	   essential	   is	   many	   aspects	   of	  
nanostructures.	  Surface	  organic	  ligands	  on	  gold	  nanoparticles	  largely	  influence	  its	  properties	  
including	   stability,	   solubility,	   melting	   point	   and	   electronic	   structure	   [93].	   During	   the	  
synthesis	  of	  gold	  nanoparticles,	  the	  formulation	  component,	  often	  acting	  as	  a	  reducing	  and	  
stabilising	   agent,	   stabilises	   and	   prevents	   aggregation	   by	   capping	   to	   the	   surface.	   Surface	  
molecules	   can	   also	   behave	   as	   linkers,	   which	   attach	   other	   functional	   materials.	   The	  
conjugation	  of	  surface	  molecules	  can	  be	  achieved	  by	  direct	  covalent	   linkage,	  such	  as	  Au-­‐S	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bonds,	   or	   non-­‐covalent	   interactions	   such	   as	   electrostatic	   and	   physisorption	   of	   surface	  
ionised	  ligands,	  as	  illustrated	  in	  Figure	  13.	  
	  
Figure	  13.	  Illustration	  of	  (A)	  electrostatic	  charge	  and	  (B)	  covalent	  linkage	  around	  a	  gold	  nanoparticle	  surface.	  	  
1.6.2	  Surface	  Functionalities	  in	  Biology	  
Two	   primary	   reasons	   for	   surface	   modification	   are	   i)	   to	   protect	   the	   colloid	   from	   the	  
environment	  such	  as	  immuno-­‐responses	  and	  ii)	  target	  the	  colloid	  to	  a	  specific	  cell	  or	  tissue	  
type	  [94].	  
Since	  the	  exterior	  surface	  dictates	  the	  behaviour	  of	  the	  nanoparticle	  system,	  understanding	  
the	   interactions	   of	   nanoparticle	   surface	   functionality	   with	   biological	   systems	   enables	   the	  
fabrication	   and	   design	   of	   effective	   platforms	   for	   diagnostics,	   therapeutics	   and	   imaging	  
agents.	  
In	  biological	  systems,	   the	  use	  of	  chemical	  synthesis	   to	  engineer	  nanoparticle	  surfaces	  that	  
interact	  predictably	  and	  efficiently	  with	  cells,	  nucleic	  acids,	  protein	  and	  enzymes	  is	  essential.	  
Studies	  have	  shown	  that	  high	  hydrophobicity	  [95]	  and	  surface	  charge	  density	  [96]	  adsorb	  a	  
higher	  amount	  of	  protein	  on	   the	  surface,	   in	  which	   the	  protein	  “corona”	  masks	   its	  original	  
chemical	  nature	  and	  decreases	  the	  pharmacokinetic	  half-­‐life	  in	  vivo	  [97].	  On	  the	  other	  hand,	  
grafted	  hydrophilic	  polymers	   [98]	  and	  zwitterionic	   ligands	   [99]	  have	  been	  used	  to	  prevent	  
non-­‐specific	   protein	   absorption,	   which	   has	   been	   shown	   to	   have	   higher	   blood	   circulation	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lifetime	   and	   tumor	   accumulation	   compared	   to	   hydrophobic,	   and	   positive	   and	   negative	  
charge	  surfaces.	  
In	  therapeutic	  delivery,	  an	  important	  aspect	  is	  the	  penetration	  of	  nanoparticles	  through	  the	  
cellular	   membrane	   and	   escape	   into	   the	   cytosol.	   Coated	   peptides	   motifs	   such	   as	   cell	  
penetrating	   peptides	   (CPPs)	   on	   nanoparticle	   surfaces	   are	   known	   to	   facilitate	   these	  
functions.	  This	   includes	  peptides	  such	  as	  allatostatin	  [100],	  arginylglycylaspartic	  acid	  (RGD)	  
[101]	   and	   arginine-­‐rich	   peptides	   [102],	  which	   have	   been	   shown	   to	   be	   efficient	   in	   cellular	  
delivery.	   Studies	   by	   Kang	   et	   al	   [103]	   have	   demonstrated	   surface	   functionalised	   nuclear	  
localising	   sequence	   (NLS)	   peptide	   on	   gold	   nanoparticles	   that	   localised	   to	   the	   nucleus	   of	  
cancer	  cells	  and	  induced	  DNA	  damage.	  	  
Surface	  charge	  also	  plays	  a	  crucial	  role	   in	  cellular	  uptake.	  Generally,	  cationic	  nanoparticles	  
interact	  more	  strongly	  with	  cellular	  membrane	  due	   to	   the	  presence	  of	  negatively	  charged	  
groups	  such	  as	  sialic	  acid	  [104].	  
“Smart”	   surfaces,	  which	   require	   a	   stimulus-­‐response,	   have	   also	   been	   used	   potentially	   for	  
minimising	  off-­‐target	  issues	  and	  enhance	  therapeutic	  efficiency.	  These	  surfaces	  respond	  to	  
either	  physiological	  stimulus	  such	  as	  pH	  or	  enzymes,	  or	  external	  stimulus	  such	  as	  magnetic	  
field	  or	  light	  [105].	  
1.6.3	  Drug	  Delivery	  agents	  
Therapeutic	  drugs	  are	  well	  known	  to	  be	  potent	  against	  cancers	  and	  tumors.	  They	  are	  known	  
to	   interfere	   with	   cellular	   replication	   and	   proliferation	   targeting	   cell	   cycle	   machinery.	  
However,	   most	   of	   them	   are	   also	   harmful	   and	   toxic	   to	   normal	   tissues	   limiting	   their	  
effectiveness.	   Tumor	   necrosis	   factor-­‐α	   (TNF-­‐α)	   is	   an	   example,	   a	   cytokine	   known	   to	   have	  
excellent	   anticancer	   efficacy	   that	   enhances	   hyperthermic	   injury,	   but	   is	   also	   systemically	  
toxic	  [106].	  Studies	  by	  Visaria	  et	  al	  [107]	  demonstrated	  a	  possible	  solution	  with	  PEG	  coated	  
gold	   nanoparticles	   loaded	   with	   TNF-­‐α,	   which	   minimise	   systemic	   toxicity	   and	   maximise	  
tumor	  damage.	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Another	   chemotherapeutic	   agent,	  methotrexate	   (MTX)	   is	   known	   for	   treating	   a	   variety	   of	  
cancer	  types	  by	  inhibiting	  the	  enzyme	  dihydrofolate	  reductase	  responsible	  for	  downstream	  
mechanisms	  leading	  to	  cell	  proliferation	  and	  cell	  growth	  [108].	  A	  study	  by	  Chen	  et	  al	  [109]	  
compared	   the	  administration	  of	  pristine	  MTX	  with	  MTX	   conjugated	  gold	  nanoparticles	  on	  
mouse	  models	  of	  Lewis	  lung	  carcinoma,	  in	  which	  equal	  doses	  have	  shown	  that	  pristine	  MTX	  
had	  no	  antitumor	  effect.	  
Another	  alternative	  to	  chemotherapeutic	  drugs	  are	  the	  use	  of	  dietary	  phytochemical	  agents.	  
Unlike	   chemotherapeutic	   drugs,	   phytochemicals	   promote	   cell	   apoptosis	   and	   arrest	   cell	  
growth	  by	  pleiotropic	  mechanism	  as	  compared	  to	  cell	  necrosis	  [110].	  There	  are	  also	  many	  
literatures	   suggesting	   the	   health	   benefits	   of	   phytochemicals,	   which	   include	   vitamins,	  
carotenoids	  and	  food	  polyphenols,	  such	  as	  flavonoids,	  phytoalexins,	  phenolic	  acids	   indoles	  
and	   sulfur	   rich	   compounds	   [111-­‐113].	   A	   few	   of	   these	   compounds	   such	   as	   resveratrol,	  
curcumin,	   epigallocatechin	   gallate	   (EGCg)	   and	   genistein	   have	   been	   largely	   studied	   as	  
chemopreventive	  agents	  and	  serve	  as	  potential	  use	  in	  monotherapy	  [114].	  For	  this	  reason,	  
the	  use	  of	  the	  phytochemical,	  EGCg,	  coated	  gold	  nanoparticles	  as	  a	  means	  for	  effective	  drug	  
delivery	  will	  be	  focused	  on	  in	  this	  research.	  
1.7	  Phytochemical	  (-­‐)-­‐epigallocatechin-­‐3-­‐gallate	  (EGCg)	  from	  green	  tea	  extract	  
1.7.1	  Properties	  
	  
Figure	  14.	  Chemical	  structure	  of	  EGCg	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Epigallocatechin-­‐3-­‐gallate	  (EGCg)	  is	  a	  potent	  antioxidant	  and	  is	  the	  main	  constituent	  found	  
in	  green	  tea.	  Because	  of	  its	  polyphenolic	  structure,	  it	  is	  known	  to	  scavenge	  reactive	  oxygen	  
species	   (ROS)	   and	   free	   radicals	   through	   mechanisms	   such	   as	   electron	   delocalization,	  
formation	  of	   intramolecular	  hydrogen	  bonds	   [115],	   and	   rearrangement	  of	   their	  molecular	  
structure	   [116].	   Among	   the	   tea	   catechins,	   EGCg	   is	   the	   most	   effective	   when	   reacting	   to	  
majority	  of	  ROS,	  such	  as	  superoxide	  radical,	  singlet	  oxygen,	  hydroxyl	  radical,	  peroxyl	  radical,	  
nitric	   oxide,	   nitrodioxide	   and	   peroxynitrite	   [117,	   118].	   The	   principal	   site	   for	   antioxidant	  
reactions	  occurs	  at	   the	   trihydroxyphenyl	  B	   ring	   [117,	  118]	  and	   the	  3-­‐galloyl	  moiety	  D	   ring	  
further	  increases	  its	  antioxidant	  activity.	  	  
Due	  to	   its	  strong	  reducing	  properties	  EGCg	   is	  susceptible	  to	  air	  oxidation	  under	  neutral	  or	  
alkaline	  pH	  [119]	  generating	  superoxide	  and	  hydrogen	  peroxide.	  This	  pro-­‐oxidant	  effect	  was	  
reported	  by	  Hou	  Z.	  et	  al	  [120]	  under	  normal	  cell	  culture	  conditions,	  leading	  to	  the	  formation	  
of	  dimers	  known	  as	  theasinensins	  (Figure	  22)	  and	  has	  been	  shown	  to	  prevent	  cancer	  KYSE	  
150	  cell	  growth.	  It	  was	  observed	  that	  the	  addition	  of	  superoxide	  dismutase	  (SOD)	  stabilized	  
EGCg,	   which	   suggests	   auto-­‐oxidation	   were	   due	   to	   superoxide	   radical	   catalyzed	   chain	  
reactions.	  
	  
Figure	  15.	  Bisflavonol	  A	  or	  Theasinesin	  A	  –	  dimers	  of	  EGCG	  formed	  by	  auto-­‐oxidantion	  
EGCg	  is	  also	  known	  to	  be	  a	  strong	  chelator	  of	  free	  metal	  ions	  [119].	  The	  chelation	  of	  metal	  
ions	   in	   vivo	   prevents	   the	   catalysis	   of	   damaging	   ROS	   preventing	   the	   degradation	   of	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deoxyribose	  and	  oxidation	  of	   low-­‐density	   lipoprotein	  (LDL),	   in	  the	  case	  of	   iron	  and	  copper	  
(II)	  ions	  respectively	  [121,	  122].	  
The	  polyphenolic	  structure	  of	  EGCg	  also	  contributes	  a	  great	  deal	  to	  hydrogen	  bonding.	  The	  
formation	  of	  large	  hydration	  shells	  occurs	  via	  hydrogen	  bonding	  with	  water	  molecules	  that	  
result	  in	  lower	  absorption	  of	  EGCg	  [123].	  This	  hydrogen	  bonding	  also	  enables	  the	  capacity	  to	  
bind	  strongly	  to	  proteins	  and	  nucleic	  acids	  –	  binding	  to	  signaling	  molecules	  and	  receptors,	  
and	  thus	  inhibiting	  the	  functions	  of	  key	  receptors,	  kinases,	  proteinases	  and	  other	  enzymes	  
in	  relation	  to	  cancer	  prevention	  [119].	  	  
1.7.2	  Cancer-­‐preventative	  studies	  	  
There	  have	  been	  numerous	  reports	  on	  the	  cancer-­‐preventative	  effects	  of	  EGCg	  in	  a	  varying	  
degree	  against	  certain	  cancers	   including	  those	  of	  colon,	  rectum,	  breast,	  stomach,	  bladder,	  
prostate,	   lung,	   pancreas	   and	   esophagus,	   many	   of	   which	   were	   studied	   in	   vivo	   in	   animal	  
models	  [124]	  and	   in	  vitro	   in	  cancer	  cell	   lines.	  These	  cancer-­‐preventative	  effects	  have	  been	  
related	   to	   EGCg	   activity	   to	   inhibit	   growth,	   regulate	   cell	   cycle	   progression,	   and	   induce	  
apoptosis	   rather	   than	   to	   an	   unspecific	   antioxidant	   function	   [125].	   Various	   responses	   of	  
specific	  cellular	  targets	  related	  to	  cancer	  and	  EGCg	  are	  summarised	  in	  Table	  1.	  
1.7.2.1	  Inhibition	  of	  tumorigenesis	  
During	   the	   initiation	   stage	   of	   lung	   tumorigenesis,	   EGCg	   inhibited	   the	   nicotine-­‐derived	  
nitrosamine	  ketone	  (NNK)-­‐induced	  lung	  tumor	  in	  rats,	  mice	  and	  hamsters	  [126].	  	  
Lu	  et	  al	  [127]	  treated	  A/J	  mice	  with	  a	  single	  dose	  of	  NNK,	  which	  was	  kept	  for	  20	  weeks	  for	  
lung	  adenomas	   to	  develop.	  The	  mice	  were	  given	  0.5%	  polyphenon	  E,	  a	  purified	  green	   tea	  
extract	  containing	  65%	  EGCg,	  into	  their	  drinking	  fluids	  for	  32	  weeks	  and	  were	  shown	  to	  have	  
reduced	  the	  progression	  of	  lung	  adenomas	  to	  adenocarcinomas.	  This	  treatment	  was	  shown	  
to	   increase	   apoptosis,	   inhibit	   cell	   proliferation	   and	   decrease	   levels	   of	   phosphorylated	  
transcription	   factors	   such	   as	   ERK1,	   ERK2	   and	   JUN	   in	   adenocarcinomas.	   Studies	   have	   also	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shown	  88	  different	  gene	  expressions	   in	  NNK	   induced	  tumors	  compared	  to	  normal	   tissues,	  
which	  were	  reversed	  by	  green	  tea	  treatment	  [128].	  	  
EGCg	  has	  also	  been	  shown	  to	  inhibit	  chemically	  induced	  oral-­‐digestive	  tract	  tumorigenesis	  in	  
hamster	   and	   rat	   models	   [129-­‐131].	   In	   the	   Apc(min/+)	   mouse	   model	   of	   intestinal	  
tumorigenesis,	  0.32%	  EGCg	  solution	  into	  drinking	  fluids	  was	  shown	  to	  inhibited	  spontaneous	  
development	   of	   small	   intestinal	   tumors	   [132].	   The	   inhibition	   was	   associated	   with	   up-­‐
regulated	  expresion	  of	  cell	  signalling	  protein,	  epithelial	   (E)-­‐	  cadherin,	  and	  down-­‐regulation	  
of	  nuclear	  beta-­‐catenin,	  MYC	  and	  phosphorylated	  forms	  of	  ERK1,	  ERK2	  and	  Akt.	  
Liao	  et	  al	  [133]	  have	  shown	  that	  EGCg,	  when	  administered	  by	  intraperitoneal	  route	  to	  mice	  
with	   human	   prostate	   cancer	   xenografts,	   inhibited	   tumor	   growth.	   Studies	   by	   Gupta	   et	   al	  
[134]	   have	   also	   shown	   an	   increase	   in	   apoptosis,	   decrease	   in	   cell	   proliferation,	   down-­‐
regulation	  of	  insulin	  growth	  factor	  1	  (IGF-­‐1)	  and	  restoration	  of	  IGF	  binding	  protein	  3	  (IGFBP-­‐
3)	   to	  normal	   levels	   in	  both	  dorsolateral	  and	  serum	  prostate.	  The	  modulation	  of	   IGF-­‐1	  and	  
IGFBP-­‐3	   levels	   was	   associated	   with	   the	   down-­‐regulation	   of	   phosphotidylinositol	   3-­‐kinase	  
(PI3K)	   phospho-­‐Art,	   phospho-­‐ERK1	   and	   phospho-­‐ERK2	   [135].	   The	   treatment	   also	  
significantly	  decreases	  metastatic	  and	  angiogenic	  genes	  such	  as	  matrix	  metalloproteinase	  2	  
(MMP-­‐2)	   and	   vascular	   endothelial	   growth	   factor	   A	   (VEGF-­‐A),	   which	   are	   associated	   with	  
cancer	  invasion	  and	  cellular	  migration.	  
1.7.2.2	  Mechanisms	  of	  EGCg	  in	  cancer	  prevention	  
The	  pro-­‐oxidative	  effects	  of	  EGCg	  have	  been	  readily	  observed	  in	  cell	  culture	  medium	  leading	  
to	  cell	  death	  [136].	  This	  effect	  more	  often	  occurs	  in	  high	  concentrations	  of	  EGCg,	  whereas	  at	  
lower	  levels,	  antioxidative	  effects	  are	  dominant	  [137].	  The	  pro-­‐oxidant	  activity	  of	  EGCg	  have	  
been	  shown	  to	  induce	  apoptotic	  cell	  death	  in	  Jurkat	  cells	  by	  elevating	  the	  levels	  of	  hydrogen	  
peroxide	   triggering	   Fe(II)-­‐dependent	   formation	   of	   the	   highly	   toxic	   hydroxyl	   radical	   [138].	  
This	  effect	  is	  also	  shown	  to	  induce	  electrophilic-­‐mediated	  stress	  response	  by	  activating	  the	  
transcription	   factor,	   nuclear	   factor	   (erythroid-­‐derived	   2)-­‐like	   2	   (Nrf2),	  which	   activates	   the	  
expression	   of	   antioxidant	   and	   detoxifying	   enzymes	   that	   are	   involved	   in	   chemoprevention	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and	  cytoprotection	  (see	  Figure	  16)	  [139].	  This	  modulation	  of	  Nrf2-­‐mediated	  cellular	  events	  
was	  observed	   in	  vivo	  by	  oral	  gavage	  of	  200	  mg/kg	  EGCg	  to	  C57B1/6J	  mice,	  which	   increase	  
levels	   of	   gamma-­‐glutamyltransferase,	   haemoxygenase	   1	   and	   glutamate	   cysteine	   ligase	   in	  
colon	  and	  liver	  [140].	  Conversely,	  there	  have	  been	  reported	  cases	  revealing	  that	  excessive	  
doses	  of	  tea	  extract	  supplements	  induces	  liver	  toxicity	  [141],	  which	  is	  probably	  due	  to	  EGCg	  
pro-­‐oxidant	  mechanism	  [142].	  
	  
Figure	  16.	  Activation	  of	  the	  anti-­‐oxidant	  gene	  via	  Nrf2	  signalling	  pathway.	  The	  transcription	  factor	  Nrf2	  is	  
sequestered	  in	  the	  cytosol	  binded	  to	  the	  Keap1-­‐Cul3	  complex.	  Nrf2	  is	  released	  from	  the	  complex	  either	  
phosphorylation	  or	  direct	  interaction	  with	  electrophiles,	  such	  as	  EGCg.	  Upon	  release,	  Nrf2	  enters	  the	  nuclues	  
where	  it	  stimulates	  the	  production	  of	  antioxidant	  genes	  at	  the	  ARE	  sequences.	  
EGCg	  has	  also	  been	  known	  to	  bind	  to	  salivary	  proline-­‐rich	  proteins,	  histidine-­‐rich	  proteins,	  
fibrinogen	  and	  fibronectin,	  and	  more	  recently	  to	  anti-­‐apoptotic	  Bcl-­‐2	  proteins	  [143]	  and	  the	  
metastases-­‐associated	  67	  kDa	   laminin	  receptor	   (67	  LR)	   [144].	  Studies	  by	  Leone	  et	  al	   [143]	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have	  shown	  a	  direct	  binding	  of	  EGCg	  to	  the	  BH3	  	  pocket	  of	  Bcl-­‐2	  proteins	  with	  an	  IC50	  	  value	  
of	  0.33-­‐0.49	  µM	  through	  NMR	  spectroscopy.	  Binding	  of	  EGCg	  to	  67	  LR	  with	  IC50	  value	  0.04	  
µM	  was	  observed	  through	  a	  surface	  plasmon	  resonance	  assay	  [144].	  	  
Identification	   of	   high	   affinity	   EGCg	   binding	   proteins,	   vimentin	   [145],	   insulin-­‐like	   growth	  
factor	  1	  receptor	  (IGF-­‐1R)	  [146],	  glucose-­‐regulated	  protein	  78	  kDa	  (GRP-­‐78)	  [147],	  FYN	  [148]	  
and	   ZAP-­‐70	   [149],	   were	   determined	   through	   separation	   techniques	   using	   an	   EGCg-­‐
Sepharose	   4B	   column,	   electrophoresis	   and	  mass	   spectroscopy.	   These	   proteins	   have	   been	  
shown	  to	  be	  significant	  for	  the	  inhibitory	  effect	  of	  EGCg	  in	  cell	  lines.	  
Members	  of	  the	  epidermal	  growth	  factor	  receptor	  (EGFR)	  family	  are	  often	  overexpressed	  in	  
human	  cancer	   [150].	  Studies	  have	  shown	  that	  EGCg	   inhibits	  EGFR	  signaling	  pathways	  with	  
IC50	  value	  of	  1-­‐2	  µM	  by	  inhibiting	  EGFR	  tyrosine	  kinase	  activity	  and	  phosphorylation	  [151].	  
Studies	  also	  showed	  that	  EGCg	  alters	  lipid	  organisation	  in	  the	  plasma	  membrane	  (lipid	  rafts).	  
Lipid	   rafts	   are	   bioactive	   membrane	   platforms	   involved	   in	   signal	   processing	   and	   also	   in	  
mediating	   drug	   uptake	   by	   means	   of	   endocytosis.	   Not	   only	   does	   EGCg	   inhibit	   EGF	   ligand	  
binding	  to	  EGFR	  [152]	  and	  dimerisation	  of	  EGFR,	  but	  also	  induce	  internalisation	  of	  EGFR	  into	  
endosomes	  [173]	  (see	  Figure	  17).	  
Unregulated	  control	  of	  hepatocyte	  growth	  factor	  (HGF)-­‐HGFR	  (also	  known	  as	  MET)	  signaling	  
pathway	   occurs	   in	   several	   types	   of	   human	   cancers.	   These	   are	   necessary	   in	   epithelial-­‐
mesenchymal	  transition,	  which	  are	  associated	  with	  cancer	  invasion	  [155].	  It	  was	  shown	  that	  
0.6	  µM	  EGCg	  completely	  blocked	  HGF-­‐induced	  phosphorylation	  of	  HGFR	  and	  AKT1	  and	  that	  
5	  µM	  EGCg	  significantly	  decreased	  cell	  invasion	  in	  MDA-­‐MB-­‐231	  breast	  cancer	  line	  [156].	  
Several	  overexpressed	  growth	   factors	   such	  as	   EGF,	  platelet-­‐derived	  growth	   factor	   (PDGF),	  
fibroblast	  growth	  factor	  (FGF)	  and	  vascular	  endothelial	  growth	  factor	  (VEGF),	  which	  serve	  as	  
chemical	  stimuli	  to	  initiate	  angiogenesis,	  are	  inhibited	  by	  EGCg	  through	  directly	   interfering	  
with	  the	  binding	  of	  their	  respective	  receptors	  [157].	  It	  was	  reported	  that	  EGCg	  blocks	  DNA	  
transcription	   of	   VEGF-­‐A	   [158].	   In	   addition,	   0.5-­‐10	   µM	   EGCg	   disrupted	   VEGF-­‐A	   induced	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dimerisation	   of	   VEGF-­‐R2	   and	   decreased	   PI3K	   activity	   in	   human	   umbilical	   vein	   endothelial	  
cells	  	  [159].	  
	  
Figure	  17.	  Schematic	  diagram	  of	  the	  mechanism	  of	  EGF	  and	  EGCg	  on	  EGFR.	  After	  EGF	  binds	  to	  EGFR	  on	  the	  cell	  
surface,	  the	  receptor	  undergoes	  dimerisation	  and	  autophosphorylation	  at	  tyrosine	  residues	  triggering	  EGFR-­‐
related	  downstream	  signaling.	  With	  early	  endosome	  antigen	  1	  (EEA-­‐1)	  present,	  EGFR	  is	  internalised	  into	  early	  
endosome,	  which	  becomes	  late	  endosomes	  and	  eventually	  are	  degraded	  in	  lysosome.	  In	  contrast	  with	  EGCg	  
treatment,	  EGFR	  are	  not	  dimerised,	  phosphorylated	  or	  ubiquitinated.	  However,	  internalisation	  by	  EEA-­‐1	  into	  
early	  endosomes	  occurs	  due	  to	  EGCg-­‐induced	  alterations	  on	  the	  lipid	  rafts.	  These	  are	  not	  degraded,	  but	  with	  
time	  are	  recycled	  back	  to	  the	  cell	  surface.	  Image	  from	  Adachi	  [154].	  
Studies	  also	  show	  that	  EGCg	  inhibits	  IGF1R	  phosphorylation	  and	  up-­‐regulate	  the	  expression	  
of	  transforming	  growth	  factor	  beta	  2	  (TGF-­‐β2)	  in	  human	  colon	  cancer	  SW837	  cells	  [160]	  and	  
in	  HRAS-­‐transformed	  human	  bronchial	  epithelial	  21BES	  cells	  [161].	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Concentrations	  of	  5-­‐20	  µM	  (IC50	  value)	  EGCg	  was	  observed	  to	  inhibit	  the	  phosphorylation	  of	  
JUN	  N-­‐terminal	  kinase	  (JNK),	  JUN,	  ERK1,	  ERK2,	  MEK1,	  MEK2	  and	  Ets-­‐like	  protein	  1	  (ELK-­‐1)	  in	  
JB6	  epidermal	  cell	   lines	  [162].	  The	  inhibition	  was	  associated	  to	  the	  inhibition	  of	  the	  redox-­‐
sensitive	  transcription	  factor	  AP-­‐1.	  Kinase	  assays	  in	  vitro	  suggest	  that	  the	  inhibition	  of	  MEK1	  
phosphorylation	   by	   EGCg	   is	   related	   to	   a	   decrease	   in	   association	   with	   the	   kinase	   RAF1.	  
Moreover,	  inhibition	  of	  ELK-­‐1	  phosphorylation	  is	  related	  to	  EGCg	  competing	  for	  the	  binding	  
sites	  in	  ERK1	  and	  ERK2	  [163].	  
Concentrations	  of	  30	  µM	  (IC50	  value)	  EGCg	  was	  observed	  to	  inhibit	  cyclin-­‐dependent	  kinase	  
2	  (CDK2)	  and	  CDK4	  in	  MCF-­‐7	  breast	  cancer	  lines.	  This	  was	  associated	  to	  cell	  cycle	  arrest	  in	  
G0	  and	  G1	  [164].	  
EGCg	  has	   also	  been	   shown	   to	   inhibit	   the	   chymotryptic	   activity	   of	   20S	  proteasomes	   [165].	  
Treatment	  of	  LNCaP	  prostate	  cancer	  cells	  with	  EGCg	  resulted	   in	  G0	  and	  G1	  cell	   cell	  arrest	  
[166]	  and	  prevented	  the	  degradation	  of	  p27	  and	  inhibitor	  of	  nuclear	  factor-­‐κB	  (IκB),	  which	  
regulates	  NF-­‐κB	  transcription	  [167]	  (see	  Figure	  18).	  EGCg	  has	  also	  been	  implicated	  to	  block	  
transcription	   of	   nitric	   oxide	   (NO)	   synthase	   by	   inhibiting	   the	   binding	   of	   NF-­‐κB	   to	   the	   NO	  
synthase	   promoter	   [168].	   Moreover,	   EGCg	   represses	   the	   catalytic	   activity	   of	   several	  
cytochrome	   P-­‐450	   enzymes	   including	   cytochrome	   P450	   1A	   and	   2B1,	   which	   have	   been	  
suggested	  to	  be	  involved	  in	  cancer	  invasion	  [169].	  
In	  HT1080	  human	  fibrosarcoma	  cells,	  EGCg	  can	  directly	  affect	  MMP-­‐2.	  EGCg	  of	  IC50	  value	  8-­‐
13	  µM	  was	  observed	  to	  inhibit	  the	  activity	  of	  secreted	  MMP-­‐2	  and	  MMP-­‐9	  in	  zymographic	  
analysis	  [170].	  EGCg	  also	  up-­‐regulates	  	  the	  	  expression	  of	  tissue	  inhibitor	  	  of	  MMPs	  providing	  	  
additional	  mechanism	  to	  suppress	  MMPs	  activity	   [171].	  These	  activities	  may	  contribute	  to	  
the	   reported	   studies	  of	  metastasis	  and	   invasion	   inhibition	  by	  EGCg	   in	   tumor-­‐bearing	  mice	  
[172].	  
Concentrations	   of	   7	   µM	   EGCg	  was	   observed	   to	   inhibit	   DNA	  methyltransferase	   (DNMT)	   in	  
KYSE	   510	   human	   oesophageal	   cancer	   cells	   resulting	   in	   the	   demethylation	   of	   the	  
hypermethylated	  	  promoters	  	  leading	  to	  	  re-­‐expression	  of	  silenced	  	  tumor	  suppressor	  	  genes	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Figure	  18.	  Activation	  of	  NF-­‐κB.	  NF-­‐κB	  is	  inhibited	  by	  IκB	  and	  it	  remains	  an	  inactive	  complex	  in	  the	  cytosol.	  
When	  an	  inducing	  signal	  actives	  the	  enzyme,	  IκB	  kinase	  (IKK),	  it	  phosphorylates	  IκB,	  which	  undergoes	  
ubiquitination	  and	  dissociation	  from	  NF-­‐κB	  and	  eventually	  degradation	  by	  proteosome.	  The	  activated	  NF-­‐κB	  is	  
then	  translocates	  into	  the	  nucleus	  where	  it	  activates	  the	  expression	  of	  at	  least	  150	  genes	  that	  are	  responsible	  
for	  cytokine	  production	  and	  cell	  proliferation.	  
p16	   (INK4A)	   and	  p21	   [173],	   retinoic	   acid	   receptor	   beta,	   and	  DNA	   repair	   genes	  MLH1	   and	  
methylguanine	  methyltransferase	  [174].	  
EGCg	   is	   also	   shown	   to	   inhibit	   signaling	   complexes	   responsible	   for	   cell	   adhesion	   and	  
migration	  such	  as	  vironectin	  and	  integrin	  receptor,	  and	  cell	  invasion	  such	  as	  urokinase-­‐type	  
plasminogen	  activator	  (uPA)	  and	  uPA	  receptor	  [175].	  
EGCg	   has	   also	   been	   reported	   to	   inhibit	   enzymes	   such	   as	   glucose-­‐6-­‐phosphate	   [176]	   and	  
glyceraldehyde-­‐3-­‐phosphate	   dehydrogenase	   [177],	   and	   dihydrofolate	   reductase	   [178]	   as	  
well	   as	   interact	   with	   DNA	   and	   RNA	   in	   vitro	   binding	   to	   GpC-­‐rich	   regions	   [154].	   However,	  
enzyme	  inhibition	  activities	  remain	  to	  be	  determined	  on	  the	  effect	  of	  cancer	  prevention	   in	  
vivo	  and	  nucleotide	  interaction	  still	  remains	  to	  be	  shown	  whether	  specific	  changes	  in	  gene	  
expression	  are	  prompted	  in	  vivo.	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1.7.3	  Metabolites	  and	  bioavailability	  
The	  effectiveness	  of	  a	  cancer	  preventative	  therapeutic	  agent	  is	  determined	  by	  its	  ability	  to	  
be	   absorbed	   into	   the	   body	   and	   appear	   in	   the	   blood	   and	   tissues.	   This	   is	   known	   as	  
bioavailability.	   EGCg,	   however,	   has	   limited	   bioavailability	   compared	   to	   other	   smaller	  
catechin	  molecules	  found	  in	  tea.	  This	  poor	  bioavailability	  is	  also	  one	  of	  the	  main	  reasons	  for	  
discrepant	  results	  in	  in	  vitro	  and	  in	  vivo	  studies	  [192].	  
According	  to	  a	  2014	  report	  published	  by	  the	  US	  department	  of	  agriculture	   (USDA)	   [193]	  a	  
single	  cup	  of	  green	  tea	  (2	  g	  of	  tea)	  contains	  approximately	  140	  mg	  of	  EGCg.	  Pharmacokinetic	  
studies	  by	  Chow	  et	  al	  [194]	   indicate	  that	  an	  oral	  administrated	  dose	  of	  200	  mg	  pure	  EGCg	  
gave	   a	  peak	  plasma	   concentration	  of	   73.7	  ng/ml	   after	   2	  hrs,	  with	   a	  half-­‐life	  of	   2	  hrs	   (see	  
Table	  2).	  As	  the	  dose	  is	  increased,	  the	  plasma	  levels	  of	  EGCg	  were	  found	  to	  disproportionally	  
increase,	  in	  which	  they	  suggest	  a	  possible	  saturation	  first	  pass	  metabolism	  effect	  (>	  600	  mg)	  
on	  orally	  administration.	  
	  
Table	  2.	  Pharmacokinetic	  study	  of	  EGCg	  after	  oral	  administration.	  Cmax	  =	  maximum	  plasma	  concentration.	  Tmax	  
=	  time	  to	  reach	  Cmax,	  T1/2	  =	  half-­‐life	  
Inside	   the	   body,	   EGCg	   undergoes	   three	   main	   metabolic	   pathways	   –	   methylation	   (1),	  
glucuronidation	  (2)	  and	  sulfation	  (3),	  which	  also	  serve	   in	  the	   low	  bioavailability	  of	  “intact”	  
EGCg	  in	  the	  blood	  (see	  Figure	  19).	  In	  addition,	  the	  formation	  of	  EGC	  and	  EC	  to	  the	  formation	  
of	   ring-­‐fission	  metabolites	   such	   as	   5-­‐(3’,4’,5’-­‐trihydroxyphenyl)-­‐valerolactone	   (M4)	   (4)	   are	  
formed	  by	  intestinal	  microflora,	  as	  humans	  do	  not	  have	  the	  enzymes	  to	  catalyse	  the	  fission	  
of	   the	   C-­‐ring	   and	   hydrolyse	   the	   ester	   bond.	   All	   these	   metabolites	   still	   have	   biological	  
activities,	  but	  they	  are	  lower	  than	  that	  of	  EGCg	  in	  terms	  of	  cancer	  growth	  and	  inhibition	  in	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vitro	   [119,	  195].	  The	  excretion	  of	  EGCg	  passes	  mainly	  through	  the	  bile	   then	  to	  the	  faeces.	  
Little	  is	  excreted	  through	  the	  urine	  [119].	  
	  
Figure	  19.	  Summary	  of	  intestinal	  metabolic	  pathways	  of	  EGCg.	  Methylation	  by	  enzyme	  COMT	  (1);	  
Glucuronidation	  by	  enzyme	  UGT	  (2);	  Sulfation	  by	  enzyme	  SULT	  (3);	  and	  microflora	  metabolism	  (4).	  
	  
1.8	  Objective	  of	  thesis	  
Cancer	  is	  a	   leading	  worldwide	  cause	  of	  deaths.	   In	  cancer,	  cells	  do	  not	  undergo	  regular	  cell	  
death	  called	  apoptosis,	  but	  instead	  have	  prolonged	  life	  becoming	  malignant	  with	  abnormal	  
cell	   growth	   and	   invading	   nearby	   areas	   of	   the	   body.	   This	   process	   of	   cellular	   spreading	   is	  
known	  as	  cancer	  invasion	  and	  is	  initiated	  and	  maintained	  by	  signaling	  pathways	  that	  control	  
cellular	   cytoskeletal	   dynamics	   in	   cancer	   cells	   and	   cell-­‐cell	   interactions	   leading	   to	   cell	  
migration	  into	  adjacent	  tissue.	  Cellular	  migration	  to	  distant	  locations	  is	  a	  hallmark	  of	  cancer	  
progression.	  	  
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
	   	  
Chapter	  1	   35 
	  
Recent	   research	   and	   epidemiological	   studies	   provide	   compelling	   evidence	   that	   certain	  
natural	  phytochemicals,	  such	  as	  EGCg,	  possess	  high	  cancer	  therapeutic	  or	  chemo-­‐preventive	  
properties.	  Because	  the	   introduction	  of	  therapeutic	  agents	  to	  cancer	  cells	  causes	  different	  
changes	   in	   gene	   expression,	   it	   is	   important	   to	   understand	   the	   responses	   of	   cancer	   cell	  
signaling	  and	  cellular	  mechanism	  when	  growth	  is	  inhibited.	  	  	  
The	   chemical	   properties	   of	   the	   phytochemical,	   EGCg,	   have	   also	   been	   exploited	   to	   reduce	  
gold	   salts	   to	   corresponding	   EGCg	   functionalised	   gold	   nanoparticles	   (EGCg-­‐AuNPs).	   It	   has	  
been	   known	   that	   nanoparticles	   can	   increase	   the	   bioavailability	   and	   reduce	   toxicity	   of	   its	  
drug	  agents	  [107,	  109].	  It	  has	  also	  been	  shown	  gold	  nanoparticles	  coated	  with	  EGCg	  offered	  
a	  more	  tumor-­‐targeted	  approach	  towards	  overexpressed	  67	  LR	  in	  solid	  tumours	  [196,	  105].	  
However,	   the	   role	  of	  EGCg-­‐AuNPs	  on	  cellular	  migration	  and	  cancer	   invasion	  has	  not	  been	  
studied.	   Also,	   because	   of	   the	   strong	   reducing	   capabilities	   of	   EGCg	   offering	   many	   stable	  
ratios	   (Au:EGCg)	   of	   synthesis,	   an	   optimal	   stability,	   size	   and	   uniformity	   has	   not	   been	  
determined.	  
Studies	   on	   nanoparticle-­‐protein	   interaction	   have	   also	   not	   been	   studied.	   This	   would	   give	  
information	  on	   ratio	   influence	  on	   the	   structural	  alteration	  of	  EGCg	   in	  EGCg-­‐AuNPs	  and	   its	  
functionality	  in	  vivo.	  	  
Herein,	   the	   optimisation	   of	   EGCg-­‐AuNPs	   will	   be	   determined	   with	   a	   large	   pool	   of	  
stoichiometric	   synthesises	  of	  gold	  and	  EGCg.	  These	  optimised	  EGCg-­‐AuNPs	  would	   then	  be	  
studied	   with	   bovine	   serum	   albumin	   (BSA)	   for	   protein	   interactions,	   binding	   and	  
thermodynamics.	   These	  would	  also	  be	   compared	  with	  pristine	  EGCg	  and	   studied	   in	  MDA-­‐
MB-­‐231	  breast	  cancer	  cells.	  This	  study	  will	   increase	  the	  understanding	  of	  the	  regulation	  of	  
proteins	   that	   promote	   cancer	   cell	   invasion	   and	  migration	   and	   analysis	   of	   the	   changes	   in	  
gene	  expression.	  
1.8.1	  Outline	  of	  thesis	  
This	  thesis	  consists	  of	  six	  chapters.	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Chapter	  one	  provides	  a	  brief	  account	  of	  nanotechnology	  and	  nanofabrication	  leading	  to	  the	  
history	  of	  colloidal	  gold	  synthesis	  and	  its	  uses.	  This	  follows	  on	  to	  the	  properties,	  stability	  and	  
uses	   of	   gold	   nanoparticles	   in	   medicine	   and	   drug	   delivery	   based	   on	   available	   literature.	  
Towards	   the	   end	   of	   the	   chapter,	   the	   properties	   of	   EGCg	   and	   cancer	   prevention	   were	  
discussed	  along	  with	  metabolic	  pathways	  and	  bioavailability.	  
Chapter	  two	  covers	  the	  principles	  of	  the	  techniques	  and	  instruments	  used	  in	  this	  research.	  
These	  are	  the	  underlying	  physical	  fundamentals	  of	  UV-­‐visible	  Spectroscopy	  (UV-­‐vis),	  Fourier	  
Transform	   Infrared	   Spectroscopy	   (FT-­‐IR),	   Fluorescence	   Spectroscopy,	   Atomic	   Absorption	  
Spectroscopy	   (AAS),	   Inductive	   Coupled	   Plasma	  Mass	   Spectroscopy	   (ICP-­‐MS),	   Transmission	  
Electron	   Microscopy	   (TEM),	   Dynamic	   Light	   Scattering	   (DLS)	   and	   Reverse	   Transcriptase	  
Polymerase	   Chain	   Reaction	   (RT-­‐PCR)	   and	   their	   use	   in	   the	   present	   thesis	   research	   are	  
discussed	  in	  detail.	  	  
Chapter	   three	   focuses	   on	   the	   stoichiometric	   and	   concentration	   dependent	   synthesis	   of	  
EGCg-­‐AuNP	  providing	  a	  detailed	  account	  of	  analysis	   leading	  to	  four	  chosen	  synthesises	  for	  
protein	  and	  cellular	  studies.	  Characterisation	  and	  stability	  studies	  were	  also	  made.	  
Chapter	   four	  deals	  with	  the	  interaction	  of	  EGCg-­‐AuNPs	  with	  BSA	  in	  both	  an	  indirect	  and	  a	  
direct	  approach.	  The	  indirect	  approach	  involves	  measuring	  protein	  interaction	  with	  the	  loss	  
of	   fluorescein	   isothiocyanate	   (FITC)	   conjugated	   BSA,	   while	   the	   direct	   approach	  measures	  
directly	  the	  amount	  of	   fluorescence	  quenching	  by	  EGCg-­‐AuNPs.	  These	  approaches	  provide	  
detailed	   information	   of	   the	   BSA	   per	   nanoparticle	   binding	   and	   the	   thermodynamics	   of	  
binding.	  	  
Chapter	   five	   focuses	  on	  cellular	  toxicity	  and	  the	  gene	  expression	  studies	  of	  EGCg-­‐AuNPs	  in	  
MDA-­‐MB-­‐231	   breast	   cancer	   cells.	   Cellular	   gold	   uptake	   and	   with	   an	   addition	   of	   EGCg,	  
synergised	  various	   synthesises	  of	   EGCg-­‐AuNP	  uptake	   in	   cells.	   PCR	   studies	  on	  a	  number	  of	  
genes	   were	   studied	   indicating	   that	   EGCg-­‐AuNPs	   of	   the	   same	   concentration	   with	   pristine	  
EGCg	   is	   more	   effective	   in	   down	   regulating	   cellular	   migration	   and	   cancer	   invasion	   genes,	  
suggesting	  that	  EGCg	  may	  serve	  as	  a	  potential	  anti-­‐cancer	  agent.	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Chapter	  six	  provides	  a	  summary	  of	  the	  research	  presented	  in	  this	  thesis	  offering	  a	  scope	  for	  
future	  work	  in	  the	  area	  studied.	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Chapter	  2	  
Characterisation	  Techniques	  
	  
This	  chapter	  covers	  the	  principles	  of	  the	  techniques	  and	  instruments	  used	  in	  this	  research.	  
These	  are	  the	  underlying	  physical	  fundamentals	  of	  UV-­‐visible	  Spectroscopy	  (UV-­‐vis),	  Fourier	  
Transform	   Infrared	   Spectroscopy	   (FT-­‐IR),	   Fluorescence	   Spectroscopy,	   Atomic	   Absorption	  
Spectroscopy	   (AAS),	   Inductive	   Coupled	   Plasma	  Mass	   Spectroscopy	   (ICP-­‐MS),	   Transmission	  
Electron	   Microscopy	   (TEM),	   Dynamic	   Light	   Scattering	   (DLS)	   and	   Reverse	   Transcriptase	  
Polymerase	   Chain	   Reaction	   (RT-­‐PCR)	   and	   their	   use	   in	   the	   present	   thesis	   research	   are	  
discussed	  in	  detail.	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2.1	  Introduction	  
The	   underline	   concept	   behind	   the	   emergence	   of	   nanoscience	   and	   nanotechnology	   is	   the	  
fact	  that	  the	  physicochemical	  properties	  of	  materials	  at	  nanoscale	  are	  extensively	  different	  
from	   their	   bulk	   counterpart.	   This	   warrants	   the	   development	   of	   nano-­‐scale	   products	  with	  
challenges	   to	   create	   smart,	   intelligent	   and	   multifunctional	   nanostructures	   that	   have	  
extraordinary	  applications	  in	  biology	  and	  medicine	  [1-­‐3].	  
Moreover,	   it	   is	   also	   important	   to	   understand	   the	   fundamental	   key	   characteristics	   that	  
contribute	   to	   uniqueness	   of	   nanostructures.	   Employment	   of	   high-­‐end	   advanced	  
spectroscopy	   and	  microscopy	   techniques	  has	  provided	  detailed	   information	  of	   the	   shape,	  
size,	   composition,	   physicochemical	   profiles,	   and	   surface	   functionalities	   of	   nanostructures;	  
allowing	   better	   understanding	   of	   novel	   synthesis	   routes	   and	  molecular	   level	   interactions	  
with	  other	  macromolecules.	  
The	   synthesised	   and	   functionalised	   nanomaterials	   prepared	   in	   this	   thesis	   have	   been	  
characterised	   by	   spectroscopic	   and	   microscopic	   techniques	   including	   UV-­‐visible	   (UV-­‐vis),	  
Fourier	  Transform	   Infrared	   (FT-­‐IR),	   Fluorescence,	  Atomic	  Absorption	   (AAS)	  and	   Inductively	  
Coupled	   Plasma	   Mass	   Spectroscopy	   (ICP-­‐MS),	   Transmission	   Electron	   Microscopy	   (TEM),	  
Dynamic	   Light	   Scattering	   (DLS)	  and	  Reverse	  Transcriptase	  Polymerase	  Chain	  Reaction	   (RT-­‐
PCR)	   techniques.	   This	   chapter	   is	   devoted	   to	   explaining	   the	   key	   principles	   and	  
instrumentation	   of	   these	   characterisation	   techniques	   to	   correlate	   with	   observed	   physical	  
and	  chemical	  properties,	  and	  biological	  activities.	  
	  
2.2	  Spectroscopy	  
Spectroscopy	   is	   a	   general	   term	   for	   the	   science	   that	   deals	  with	   various	   types	   of	   radiation	  
interacting	   with	   matter	   [4].	   Until	   recently	   spectroscopy	   has	   been	   limited	   to	   study	   of	  
interactions	  of	  electromagnetic	   radiation	  with	  matter,	  but	  now	   it	  has	  broadened	   to	  other	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forms	  of	  energy,	  including	  acoustic	  waves	  and	  beams	  of	  particles	  such	  as	  ions	  and	  electrons	  
[5].	   In	   this	   thesis	   molecular	   spectroscopy	   techniques	   based	   on	   interaction	   of	  
electromagnetic	  radiation	  with	  matter,	  as	  shown	  in	  Figure	  1	  were	  used.	  
	  
Figure	  1.	  Relation	  between	  electromagnetic	  radiation	  and	  spectroscopy.	  Image	  adapted	  from	  [6]	  
2.2.1	  Molecular	  spectroscopy	  techniques	  
The	  combination	  of	  atoms	   into	  molecules	   leads	   to	  unique	   forms	  of	  energy	   states	   thereby	  
producing	   unique	   spectra	   of	   the	   transitions	   between	   states.	   These	  molecular	   spectra	   are	  
obtained	   due	   to	   molecular	   rotations	   or	   vibrations,	   electronic	   or	   nuclear	   spin	   states.	  
Rotations	  are	  due	  to	  a	  collective	  motion	  of	  atomic	  nuclei	  typically	  leading	  to	  spectra	  in	  the	  
microwave	   region.	   Vibrations	   are	   due	   to	   relative	   motions	   of	   atomic	   nuclei,	   which	   give	  
information	  about	  functional	  groups;	  these	  are	  studied	  in	  both	  Raman	  and	  IR	  spectroscopy.	  
Electronic	  excitations	  states	  are	  observed	  using	  UV-­‐vis	  spectroscopy	  as	  well	  as	  fluorescence	  
spectroscopy.	   However,	   in	   characterisation	   of	  metal	   nanoparticles,	   UV-­‐vis	   techniques	   are	  
mainly	  used	  to	  study	  surface	  plasmon	  resonant	  (SPR)	  features.	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2.2.1.1	  UV-­‐visible	  Spectroscopy	  (UV-­‐vis)	  	  
The	  UV-­‐vis	  spectrometer	  consists	  of	  a	  light	  source,	  a	  monochromator	  (filter),	  reference	  and	  
sample	   beams,	   and	   a	   detector.	   In	   the	   case	   of	   metal	   nanoparticles,	   the	   absorbance	   and	  
concentration	   are	   not	   the	   prime	   importance	   unlike	  most	   UV-­‐vis	  measurements	   following	  
Beer’s	   law.	  Nanoparticles	  characterised	  by	  UV-­‐vis	  have	  optical	  properties	  very	  sensitive	  on	  
size,	   shape	   and	   agglomeration.	   These	   are	   a	   consequence	   of	   collective	   oscillations	   of	  
conduction	   electrons	   excited	   by	   light	   called	   SPR	   [7].	   Changes	   in	   the	   size,	   shape,	   state	   of	  
aggregation	   and	   local	   dielectric	   environment	   primarily	   cause	   peak	   broadening	   and	   shifts,	  
and	  changes	  in	  peak	  magnitude	  [8].	  Compared	  to	  other	  methods,	  UV-­‐vis	  is	  a	  fast	  and	  easy	  
technique	  for	  particle	  characterisation,	  but	  needs	  to	  be	  performed	  in	  association	  with	  other	  
complementary	  spectroscopic	  techniques	  for	  more	  conclusive	  data.	  In	  general,	  a	  red	  shift	  is	  
due	  to	  larger	  particle	  sizes	  and	  peak	  broadening	  is	  due	  to	  agglomeration	  or	  diverse	  particle	  
distribution	  sizes.	  According	  to	  Mie’s	  theory,	  a	  single	  SPR	  peak	  is	  expected	  to	  be	  observed	  
for	  spherical	  metal	  nanoparticles,	  whereas	  anisotropic	  metal	  nanoparticles	  could	  give	  rise	  to	  
a	  couple	  or	  more	  SPR	  peaks	  depending	  on	  particle	  shape.	  
All	   UV-­‐vis	   data	   presented	   in	   this	   thesis	   were	   obtained	   from	   Varian	   Cary	   50	   Bio	  
Spectrophotometer	  operated	  at	  a	  resolution	  of	  1	  nm	  over	  a	  wavelength	  of	  200-­‐800	  nm.	  In	  
this	  thesis,	  UV-­‐vis	  spectroscopy	  was	  used	  as	  a	  primary	  technique	  to	  verify	  the	  formation	  of	  
EGCg	   conjugated	   gold	   nanoparticles	   and	   also	   to	   compare	   differences	   in	   collective	  
nanoparticle	  sizes.	  
2.2.1.2	  Fourier	  Transform	  Infrared	  (FT-­‐IR)	  Spectroscopy	  	  
IR	   absorption,	   emission	   and	   reflection	   spectra	   ranges	   from	  2.5	   to	   25	  µm	   (4000-­‐400	   cm-­‐1)	  
and	  are	  an	  order	  of	  magnitude	  greater	  than	  those	  used	   in	  UV-­‐vis	  spectroscopy.	  Molecular	  
species	  arising	  from	  IR	  are	  due	  to	  changes	  in	  energy	  from	  transitions	  of	  molecules	  from	  one	  
vibration	   or	   rotation	   mode	   to	   other.	   This	   selected	   absorption	   of	   IR	   radiation	   gives	  
information	  of	  molecular	  interactions	  such	  as	  functional	  groups	  and	  molecular	  orientations	  
[9].	  Since	  every	  type	  of	  bond	  has	  different	  sets	  of	  absorbed	  vibrational	   frequency,	  no	  two	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same	   functional	   groups	   within	   different	   compounds	   have	   the	   exact	   same	   infrared	  
absorption	  pattern;	  they	  are	  of	  slightly	  different	  environments	  [5].	  
In	  the	  area	  of	  nanotechnology,	  FT-­‐IR	  can	  be	  used	  to	  monitor	  changes	  in	  structural	  changes	  
of	   bounded	   molecules	   on	   nanoparticles.	   In	   this	   thesis,	   structural	   changes	   due	   to	   the	  
oxidation	   of	   EGCg	   that	   are	   fundamental	   in	   understanding	   the	   stability	   of	   nanoparticle	  
formation,	  were	  studied	  using	  FT-­‐IR	  
All	  FTIR	  data	  was	  obtained	  using	  diffuse	  reflectance	  spectroscopy	  (DRS)	  mode	  using	  Perkin-­‐
Elmer	  D100	  spectrophotometer	  with	  a	  resolution	  of	  4	  cm-­‐1.	  
2.2.1.3	  Fluorescence	  Spectroscopy	  	  
Fluorescence	   in	  a	  general	   sense	   is	   the	   re-­‐emission	  of	  electromagnetic	   radiation	  by	  matter	  
that	  has	  absorbed	  light.	  In	  most	  cases,	  the	  re-­‐emitted	  light	  is	  of	  lower	  energy,	  thus	  a	  longer	  
wavelength	  (see	  Figure	  2).	  Unlike,	  phosphorescence,	  the	  excited	  states	  of	  fluorescence	  are	  
short-­‐lived	   (<10-­‐5	  sec)	  due	  to	  electronic	   transitions	  not	   involving	  a	  change	   in	  electron	  spin	  
[4].	  	  
	  
Figure	  2.	  Excitation	  by	  absorption	  of	  electromagnetic	  radiation	  leads	  to	  vibrational	  relaxation	  non-­‐radiatively,	  
λ.	  The	  huge	  release	  of	  energy	  to	  ground	  state	  is	  emitted	  radiatively	  as	  fluorescence.	  Image	  adapted	  from	  [10]	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Fluorescence	  intensity	  can	  also	  be	  quenched.	  Molecular	  interactions	  including	  ground-­‐state	  
complex	  formation,	  excited-­‐state	  reactions,	  energy	  transfer	  and	  collisional	  interactions	  can	  
act	  as	  quenchers	  of	  fluorescence.	  Two	  categories	  of	  fluorescence	  quenching	  are	  static	  and	  
dynamic	  quenching,	  which	  both	  involve	  molecular	  contact	  between	  the	  fluorophore	  and	  the	  
quencher.	   In	   the	   case	   of	   dynamic	   quenching,	   the	   quencher	   diffuses	   to	   the	   fluorophore	  
during	  the	  lifetime	  of	  the	  excited	  state	  and	  upon	  contact,	  returns	  the	  fluorophore	  to	  ground	  
state	  without	   the	  emission	  of	   light.	   In	   the	  case	  of	   static	  quenching,	   the	  quencher	   forms	  a	  
non-­‐fluorescent	  complex	  with	   the	   fluorophore.	  Both	   these	  can	  be	  studied	  using	   the	  Stern	  
Volmer	  equation,	  which	  provides	  information	  on	  the	  nature	  of	  the	  quenching.	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  !!! = 1 + 𝐾!" 𝑄 	   	   	   	   	   	  	  (1)	  
where	  I0	  is	  the	  fluorescence	  intensity	  without	  a	  quencher,	  I	  is	  the	  fluorescence	  intensity,	  KSV	  
is	   the	   Stern-­‐Volmer	   quenching	   constant	   and	   [Q]	   is	   the	   concentration	   of	   the	   quencher.	   A	  
linear	   Stern-­‐Volmer	   plot	   generally	   indicates	   either	   the	   presence	   of	   static	   or	   dynamic	  
quenching,	  whereas	   an	  upward	   curvature	  often	   indicates	   the	  presence	  of	   both	   static	   and	  
dynamic	  quenching.	  However,	  both	  static	  and	  dynamic	  quenching	  can	  be	  distinguished	  by	  
their	  differing	  dependence	  on	  temperature	  [11],	  as	  shown	  in	  Figure	  3.	  Higher	  temperatures	  
results	  in	  faster	  diffusion	  and	  collision	  rates	  causing	  a	  greater	  amount	  of	  dynamic	  quenching	  
(higher	   gradient),	   but	   also	   will	   result	   in	   greater	   dissociation	   of	   fluorescence-­‐quencher	  
complexation,	  thus	  lower	  static	  quenching	  (lower	  gradient).	  
	  
Figure	  3.	  Comparison	  of	  static	  and	  dynamic	  quenching	  with	  temperature.	  Image	  adapted	  from	  Lakowicz	  [11]	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In	   certain	   cases,	   the	   static	   quenching	   can	   occur	   even	   though	   there	   is	   no	   formation	   of	   a	  
complex.	   This	   apparent	   static	  quenching	   is	   due	   to	   the	   close	  proximity	  of	   fluorophore	  and	  
quencher	   resulting	   in	   immediate	   quenching	   at	   the	  moment	   of	   excitation.	   This	   distance	   is	  
known	   as	   the	   kinetic	   distance	   and	   the	   apparent	   static	   quenching	   is	   known	   as	   “sphere	   of	  
action”	  [12].	  The	  Stern-­‐Volmer	  plot	  can	  be	  modified	  to	  the	  following	  equation:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  !!! = (1 + 𝐾!" 𝑄 )𝑒![!]	   	   	   	   	  	  (2)	  
where	   V	   is	   the	   volume	   of	   the	   sphere.	   In	   this	   thesis,	   fluorescence	   was	   used	   as	   a	   more	  
sensitive	  technique	  compared	  to	  UV-­‐vis	  to	  study	  BSA-­‐FITC	  and	  EGCg-­‐AuNP	  binding.	  It	  is	  also	  
used	   to	   study	  BSA	  quenching	  using	  EGCg-­‐AuNPs	  as	  a	  quencher.	  All	   fluorescence	  data	  was	  
obtained	  using	  Jobin	  Vyon	  Horiba	  Fluoromax	  4.	  
2.2.2	  Atomic	  spectroscopy	  techniques	  
Atoms	   of	   different	   elements	   have	   distinct	   absorption	   and	   emission	   spectra	   because	  
electrons	   in	   atomic	   orbitals	   are	   quantised.	   These	   are	   known	   as	   atomic	   spectral	   lines	   and	  
allow	  for	  identification	  and	  quantitation	  of	  elemental	  composition.	  Unlike	  molecules,	  atoms	  
and	  ions	  in	  the	  elemental	  state	  only	  have	  energy	  states	  arising	  from	  electron	  motion	  around	  
the	  positively	  charged	  nucleus.	  Thus	  only	  giving	  rise	  to	  electronic	  states.	  
2.2.2.1	  Flame	  Atomic	  Absorption	  Spectroscopy	  (AAS)	  	  
AAS	  is	  an	  analytical	  technique	  for	  the	  quantitative	  detection	  and	  determination	  of	  elements	  
through	  atomic	  absorption	  of	  light	  in	  the	  gaseous	  phrase.	  This	  involves	  sample	  introduction,	  
in	  most	   cases	  nebulisation	  of	  an	  analyte	   solution	   into	  a	  gaseous	   flow	  of	  oxidant	  and	   fuel,	  
which	  is	  then	  	  carried	  	  into	  a	  	  flame	  	  or	  	  atomiser	  	  where	  	  atomisation	  	  occurs,	  	  as	  shown	  	  in	  
Figure	   4.	   	   The	   source	   is	   often	   an	   element	   specific	   hollow	   cathode	   lamp	   (HCL)	   that	   emits	  
spectral	   lines	   unique	   for	   each	   element.	   These	   spectral	   line	  widths	   are	  much	   smaller	   than	  
molecular	  species	  due	  to	  the	  absence	  of	  vibrational	  and	  rotational	  structures	  [5].	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Figure	  4.	  The	  analyte	  solution	  is	  nebulised	  into	  a	  spray.	  At	  high	  temperatures,	  the	  solvent	  evaporates	  leaving	  
dry	  aerosol	  particles.	  Further	  heating	  leads	  to	  volatilisation	  of	  particles	  into	  atoms,	  molecules	  and	  ions.	  Image	  
from	  [5].	  
Also	  because	  the	  Doppler	  broadening	  of	  emitted	  lines	  are	  less	  than	  absorption	  lines,	  the	  line	  
broadening	  for	  atoms	  in	  HCL	  is	  less	  than	  sample	  atoms	  in	  the	  flame	  (see	  Figure	  5),	  allowing	  
for	  the	  practical	  analysis	  using	  Beer’s	  Law	  –	  absorbance	  ∝	  concentration.	  
	  
Figure	  5.	  Doppler	  broadening	  effect	  of	  sample	  atoms	  in	  the	  flame	  and	  emission	  atoms	  in	  the	  HCL.	  Doppler	  
broadening	  occurs	  due	  to	  atoms	  rapidly	  moving	  toward	  or	  away,	  and	  emitting	  or	  absorbing	  wavelengths	  of	  
radiation.	  Image	  from	  UNSW	  [13].	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In	   this	   thesis,	  AAS	  was	  used	  to	  quantify	   the	  amount	  of	  gold	  content	   in	  as	  prepared	  EGCg-­‐
AuNPs	  and	  in	  purified	  EGCg-­‐AuNPs	  to	  determine	  the	  yield	  of	  synthesis.	  All	  gold	  nanoparticle	  
samples	  were	  dissolute	  in	  freshly	  prepared	  aqua	  regia	  and	  data	  was	  obtained	  using	  Varian	  
PerkinElmer	   atomic	   absorption	   spectrometer	  with	   a	   source	   gold	  HCL	   lamp	   at	   emission	   of	  
242.8	  nm.	  
2.2.2.2	  Inductively	  Coupled	  Plasma	  Mass	  Spectroscopy	  (ICP-­‐MS)	  	  
Inductively	   Coupled	   Plasma	   is	   an	   atomiser	   and	   ioniser	   method	   with	   much	   higher	  
temperatures	   (4000-­‐6000	   °C)	   compared	   to	   flame	   atomiser	   (1700-­‐3150	   °C).	   Coupled	   with	  
Mass	   Spectroscopy,	   the	   technique	   becomes	  much	  more	   sensitive	   and	   clean	   compared	   to	  
AAS	  with	   detection	   limits	   of	   one	   part	   per	   trillion	   [14].	   The	   technique	   involves	   separating	  
plasma	   produced	   gas-­‐phase	   ions	   based	   on	   their	  mass	   to	   charge	   ratios	   (m/z).	   Like	   atomic	  
spectra	  lines,	  each	  element	  has	  a	  characteristic	  isotopic	  pattern	  (see	  Figure	  6).	  The	  ICP-­‐MS	  
instrument	  consists	  of	  an	  argon	  plasma	   ioniser,	  a	  collision	  cell	   for	   interference	   removal,	  a	  
mass	  analyser	  and	  a	  detector.	  
	  
Figure	  6.	  Isotopic	  patterns	  in	  which	  the	  numbers	  represent	  the	  most	  abundant	  isotope	  and	  the	  coloured	  
shades	  are	  elements	  that	  have	  been	  analysed	  by	  ICP-­‐MS.	  Image	  from	  PerkinElmer,	  Inc	  [14].	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In	   this	   thesis,	  quadrupole	   ICP-­‐MS	  was	  used	  to	  quantify	   the	  amount	  of	  gold	   in	  cells	  due	  to	  
EGCg-­‐AuNP	  cellular	  uptake.	  All	  gold	  nanoparticle	  samples	  were	  dissolute	  in	  freshly	  prepared	  
aqua	   regia	   and	   data	   was	   obtained	   using	   Agilent	   Technologies	   7700	   series	   ICP-­‐MS	   with	  
bismuth	   as	   an	   internal	   standard,	   a	   third	   generation	   Octopole	   Reaction	   System	   (ORS3)	  
collision	  cell,	  a	  hyperbolic	  quadrupole	  mass	  analyser	  and	  an	  electron	  multiplier	  detector	  –	  
Au+	  ions	  at	  197	  Da.	  	  
	  
2.3	  Microscopy	  techniques	  
Microscopes	  are	  able	  to	  image	  objects	  that	  are	  beyond	  the	  resolution	  range	  of	  the	  normal	  
eye.	  These	  depend	  on	  the	  magnification	  through	  the	  refraction	  of	   light	  to	  a	   focused	  point	  
using	   lenses,	   and	   the	   resolution	   through	   the	   diffraction	   of	   electromagnetic	   radiation	   (see	  
Figure	  7).	  
	  
Figure	  7.	  Smaller	  wavelengths	  of	  electromagnetic	  radiation	  are	  able	  to	  differentiate	  two	  points	  close	  to	  each	  
other,	  thus	  better	  resolving	  power.	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Optical	  microscopes	  are	  able	  to	  image	  micron-­‐sized	  materials,	  but	  have	  difficulty	  achieving	  
sub-­‐micron	   levels	   due	   to	   limitations	   with	   the	   wavelength	   of	   light.	   Thus,	   more	   powerful	  
imaging	   techniques	   such	   as	   electron	   microscopes	   are	   needed	   when	   characterising	  
nanostructure	  materials.	   Because	   electrons	   exhibit	   dual	  wave-­‐particle	   nature,	   the	   greater	  
the	  applied	  accelerating	  voltage,	  the	  higher	  the	  kinetic	  energy	  and	  lower	  the	  wavelength	  of	  
electron	   beam	   is	   achieved.	   Electron	   and	   sample	   interactions	   also	   give	   rise	   to	   different	  
electron	   microscopy	   and	   spectroscopy	   techniques.	   For	   example,	   primary	   backscattered	  
electrons	  that	  are	  elastically	  scattered	  are	  used	  in	  scanning	  electron	  microscopy	  (SEM),	  and	  
electron	   collisions	   that	   result	   in	   X-­‐rays	   emission	   are	   used	   in	   energy-­‐dispersive	   X-­‐ray	  
spectroscopy	  (EDS).	  
2.3.1	  Transmission	  Electron	  Microscopy	  (TEM)	  	  
The	  word	  “transmission”	  means	  “to	  pass	  through”	  [15].	  Typically,	  TEM	  consists	  of	  a	  2	  meter	  
cylindrical	  vacuum	  tube,	  as	  shown	  in	  Figure	  8.	  At	  the	  top	  of	  the	  tube,	  electrons	  are	  emitted	  
by	  the	  cathode	  and	  then	  accelerated	  by	  the	  anode.	  These	  electron	  beams	  are	  maintained	  
along	   the	   tube	   and	   are	   directed	   to	   very	   thin	   sample	   grids	   by	  magnetic	   condenser	   lenses.	  
During	   the	   interaction	  with	   the	   sample,	   electrons	   are	   scattered	   elastically,	   inelastically	   or	  
allowed	   to	   pass	   through.	   Electrons	   that	   continue	   to	   pass	   through	   the	   tube	  with	   different	  
ranges	  of	  energies,	  and	  after	  being	  magnified	  and	  focused,	  are	  collected	  by	  the	  fluorescent	  
imaging	   screen.	   This	   image	   is	   made	   up	   of	   different	   proportions	   of	   electrons	   that	   have	  
passed	  through	  specific	  regions	  of	  the	  sample.	  The	  difference	  in	  scattered	  and	  transmitted	  
electrons	   is	   responsible	   for	   the	   image	  contrast	  and	  has	  direct	   correlation	   to	   the	   thickness	  
and	   the	   type	   of	  material	   [16].	   In	   a	   general	   sense,	   high	   atomic	   number	   elements	   scatters	  
more	   primary	   electrons	   compared	   to	   lower	   atomic	   number	   elements,	   thus	   giving	   more	  
image	  contrast.	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Figure	  8.	  Schematic	  representation	  of	  major	  components	  found	  in	  TEM.	  Image	  adapted	  from	  Daima	  [17].	  
TEM	   has	   been	   extensively	   used	   in	   both	   biological	   and	   material	   science	   in	   which	   sample	  
preparation	  needs	  to	  be	  very	  thin	  and	  non-­‐volatile	  in	  the	  high	  vacuum	  environment	  of	  the	  
instrument.	  In	  this	  thesis,	  TEM	  was	  used	  to	  directly	  image	  the	  nanostructures	  of	  EGCg-­‐AuNP	  
in	  which	  the	  TEM	  micrographs	  were	  used	  to	  determine	  the	  average	  TEM	  radii	  and	  also	  to	  
qualitatively	  compare	  morphology,	  size	  and	  structural	  uniformity.	  All	  TEM	  micrographs	  were	  
image	  using	   JEOL	  1010	  TEM	   instrument	  operated	  at	  100	  kV	  accelerating	  voltage.	  Samples	  
were	   prepared	   by	   drop	   casting	   onto	   strong	   carbon	   coated	   200	  mesh	   copper	   grids,	  which	  
were	  allowed	  to	  dry	  for	  24	  hr	  at	  room	  temperature.	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2.4	  Particle	  size	  analysis	  
Particle	   size	   and	   distribution	   information	   are	   important	   for	  many	   research	   and	   industrial	  
processes	   as	   they	   have	   different	   influences	   on	   biological	   activity	   [18].	   Particle	   size	   and	  
distribution	   can	   be	   measured	   through	   a	   variety	   of	   techniques	   that	   has	   advantages	   and	  
drawbacks	   for	   particular	   samples	   and	   analyses.	   Some	   examples	   of	   commonly	   applied	  
techniques	   are	   photosedimentation,	   low-­‐angle	   laser	   light	   scattering,	   ultrasonic	  
spectroscopy,	  light	  obscuration	  counting,	  microscopy	  and	  dynamic	  light	  scattering	  (DLS)	  [5].	  
Although	  UV-­‐vis	  spectroscopy	  provides	  a	  comparative	  idea	  about	  average	  particle	  size	  and	  
distribution	  and	  TEM	  provides	  a	  visual	   image	  of	  size	  and	  morphology;	  DLS	   is	  still	   the	  most	  
commonly	  used	  technique	  for	  measuring	  particle	  size	  and	  distribution.	  
2.4.1	  Dynamic	  Light	  Scattering	  (DLS)	  	  
DLS,	  also	  known	  as	  photon	  correlation	  spectroscopy	  (PCS)	  and	  quasi-­‐elastic	  light	  scattering	  
(QELS)	   is	   an	   invasive	   and	  well-­‐established	   characterisation	   technique	   for	   probing	   solution	  
dynamics	  and	  measuring	  particle	  sizes	  [19].	  It	  can	  obtain	  size	  ranges	  from	  1	  nm	  to	  5	  µm.	  The	  
technique	   involves	   the	   time	   scale	   measurement	   of	   scattered	   light	   by	   molecules	   and	  
particles.	  The	  scattering	  intensity	  fluctuates	  due	  to	  Brownian	  motion	  of	  particles.	  The	  speed	  
of	  these	  particles	  can	  be	  directly	  correlated	  to	  the	  size	  of	  particles	  (hydrodynamic	  radius)	  –	  
smaller	  particles	  move	   faster	   than	   larger	  particles.	  Using	   strokes-­‐Einstein	   relationship,	   the	  
equation	  can	  be	  formed:	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  (3)	  
where	  K	  is	  the	  Boltzmann’s	  constant,	  T	  is	  the	  absolute	  temperature,	  ŋ	  is	  the	  viscosity	  of	  the	  
medium	  and	  DT	  is	  the	  translational	  diffusion	  coefficient.	  
Compared	  to	  particle	  sizes	  observed	  in	  TEM	  micrographs,	  the	  hydrodynamic	  radius	  takes	  to	  
account	   of	   not	   only	   particle	   size	   but	   also	   solvent	   effects	   and	   particle	   surface	   structure	  
(sometimes	  invisible	  to	  TEM)	  that	  diffuses	  at	  the	  same	  rate	  as	  the	  particle.	  Thus,	  the	  values	  
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
	  
 
Chapter	  2	   	  63 
of	  DLS	  radii	  are	  always	  greater	  than	  that	  of	  TEM	  radii.	  In	  this	  thesis,	  DLS	  was	  used	  to	  obtain	  
the	  DLS	  radii	  of	  EGCg-­‐AuNPs	  prepared	   in	  diluted	  suspensions	  of	  milliQ	  water.	  All	  DLS	  data	  
was	  obtained	  using	  ALV	  Fast	  DLS	  instrument.	  
	  
2.5	  Gene	  expression	  techniques	  
Gene	   expression	   is	   an	   extremely	   regulated	   mechanism	   that	   directs	   the	   function	   and	  
adaptability	   of	   living	   cells.	   In	   this	   process,	   genetic	   information	   is	   used	   to	   synthesise	   gene	  
products,	  normally	  proteins,	  which	  proceed	  on	  in	  performing	  essential	  functions.	  
In	   malignant	   cells,	   many	   genes	   related	   to	   cellular	   migration	   and	   cancer	   invasion	   are	  
overexpressed.	   The	   study	   and	   quantification	   of	   these	   overexpressed	   genes	   in	   relation	   to	  
treatment	  with	  novel	  drugs	  would	  provide	  better	  understanding	  of	  the	  potential	  use	  as	  anti-­‐
cancer	  agents.	  
Nowadays,	   gene	   expression	   analysis	   has	   undergone	   many	   advances	   in	   the	   field	   of	  
biomedical	  research.	  Gene	  expression	  can	  be	  analysed	  through	  techniques	  such	  as	  reporter	  
genes,	   western	   blotting,	   DNA	   microarray	   and	   reverse	   transcriptase	   polymerase	   chain	  
reaction	  (RT-­‐PCR)	  
2.5.1	  Real	  Time	  Reverse	  Transcriptase	  Polymerase	  Chain	  Reaction	  (qRT-­‐PCR)	  
Quantitative	   RT-­‐PCR	   is	   a	   technique	   commonly	   used	   for	   the	   in	   molecular	   biology	   for	   the	  
detection	   and	   quantification	   of	   RNA	   –	   both	   relative	   and	   absolute.	   qRT-­‐PCR	   in	   a	   general	  
sense	  is	  a	  2-­‐step	  process	  involving	  the	  conversion	  of	  RNA	  into	  complementary	  DNA	  (cDNA)	  
by	  the	  enzyme,	  reverse	  transcriptase;	  follow	  by	  the	  amplification	  through	  qPCR.	  The	  down	  
step	   procedure	   in	   separating	   RNA	   from	   cells	   involves	   the	   additional	   of	   a	   lysis	   reagent	  
followed	   by	   phase	   separation	   techniques	   and	   precipitation	   of	   RNA	   out	   of	   solution.	   The	  
purified	  RNA	  is	  then	  washed	  and	  re-­‐suspended	  in	  solution	  to	  determine	  the	  yield	  and	  purity	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(A260/280	  >	  1.8).	  Typically,	  1-­‐2	  µg	  of	  RNA	  is	  used	  for	  the	  synthesis	  of	  cDNA	  in	  which	  10-­‐100	  ng	  
is	  used	  in	  qPCR.	  
	  
Figure	  9.	  Schematic	  of	  TaqMan	  probe	  cleavage.	  No	  fluorescence	  is	  detected	  when	  TaqMan	  probes	  are	  in	  close	  
proximity	  due	  to	  FRET.	  But	  when	  the	  when	  primers	  and	  probe	  hybridises	  to	  the	  template	  and	  are	  extended	  by	  
Taq	  polymerase,	  the	  probe	  is	  cleaved	  off,	  thus	  giving	  rise	  to	  fluorescence.	  Image	  adapted	  from	  Koch	  [20]	  
The	  quantitative	  aspect	  of	  qPCR	  comes	  from	  the	  use	  of	  fluorescent	  probes	  present	  in	  assay	  
primers	   mixes.	   In	   the	   case	   of	   this	   thesis,	   TaqMan	   oligonucleotide	   probes,	   which	   have	   a	  
fluorescent	  probe	  attached	  to	  the	  5’	  end	  and	  a	  quencher	  at	  the	  3’	  end,	  are	  used	  (see	  Figure	  
9).	   When	   both	   the	   quencher	   and	   the	   fluorophore	   are	   connected	   in	   close	   proximity,	   the	  
fluorescence	   is	   quenched	   due	   to	   Forster	   resonance	   energy	   transfer	   (FRET).	   During	   the	  
annealing	  stage	  of	  qPCR,	   these	  probes	  hybridise	  to	  target	  sequences	  on	  the	  template	  and	  
are	   cleaved	   off	   during	   replication.	   The	   decoupling	   of	   the	   fluorophore	   and	   the	   quencher	  
results	   in	   a	   fluorescence	   being	   measured.	   Thus	   the	   greater	   the	   amplification	   fold,	   the	  
greater	  the	  fluorescence.	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There	  are	  several	  methods	  for	  the	  quantitative	  calculation	  and	  relative	  comparison	  of	  gene	  
expression.	   In	   this	   thesis,	   the	   comparative	   threshold	   cycle	   (Ct)	   method	   was	   used	   to	  
determine	   down-­‐	   or	   up-­‐regulation	   of	   genes	   in	   relative	   to	   untreated	  where	   housekeeping	  
genes	  were	  used	  as	  calibrators.	  The	  equation	  is	  as	  follows:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ∆∆𝐶! = 2 !!(!,!)!!!(!,!) ! !! !,! !!! !,! 	  	   	   	  	  (4)	  
where	  H	  represents	  the	  housekeeping	  gene,	  G	  represents	  the	  gene	  of	  interest,	  U	  represents	  
untreated	  and	  T	  represents	  treated.	  
In	   this	   thesis,	   various	   cancer-­‐related	   genes	  were	   studied	   in	  MDA-­‐MB-­‐231	   that	   have	   been	  
treated	   with	   different	   synthesises	   of	   EGCg-­‐AuNPs.	   All	   data	   were	   obtained	   from	   Applied	  
Biosystems	  7500	  Fast	  Real-­‐Time	  PCR	  machine.	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Chapter	  3	  
Optimisation	  and	  Characterisation	  of	  EGCg-­‐
AuNPs	  
	  
This	  chapter	  focuses	  on	  the	  stoichiometric	  and	  concentration	  dependent	  synthesis	  of	  EGCg-­‐
AuNP	  providing	  a	  detailed	  account	  of	  analysis	  leading	  to	  four	  chosen	  synthesises	  for	  protein	  
and	  cellular	  studies.	  Characterisation	  and	  stability	  studies	  were	  also	  made.	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3.1	  Introduction	  
Phytochemicals	  present	   in	  green	   tea	  have	  been	  used	  substantially	  as	  dietary	  supplements	  
and	   in	   the	  natural	   treatment	  of	  various	  diseases	   including	  human	  cancer	   [1,	  2].	  These	  are	  
strong	   antioxidant	   compounds,	  which	   consist	  mainly	   of	   polyphenols	   –	   phenolic	   acids	   and	  
catechins	  (see	  Figure	  1).	  	  
	  
Figure	  1.	  Chemical	  structures	  and	  classifications	  of	  tea	  polyphenols.	  Image	  from	  Du	  [3].	  
Studies	  by	  Nune	  et	  al	  [4]	  have	  also	  shown	  that	  these	  polyphenols	  can	  be	  used	  as	  a	  reagent	  
to	  form	  stable	  gold	  nanoparticles	  of	  sizes	  less	  than	  45	  nm	  diameter.	  These	  polyphenols	  act	  
as	  both	  a	  reducing	  and	  capping	  agent,	  reducing	  gold	  salts	  to	  its	  corresponding	  ground	  state	  
and	  provide	  stability	  from	  agglomeration.	  	  
Of	   the	   polyphenols	   found	   in	   green	   tea,	   EGCg	   is	   the	   most	   abundant	   and	   reported	   to	   be	  
effective	   in	   cancer	   chemoprevention	   [5].	  However,	   the	  bioavailability	  of	  EGCg	   is	  poor	  and	  
when	  ingested	  does	  not	  readily	  get	  absorbed	  into	  the	  blood,	  but	  often	  passes	  to	  the	  large	  
intestine	  where	  it	  undergoes	  further	  degradation	  by	  the	  action	  of	  local	  microbiota	  [6].	  This	  
problem	   can	   be	   overcome	   by	   using	   appropriate	   nanoparticle-­‐mediated	   drug	   delivery	  
systems.	   The	   studies	   have	   shown	   that	   nanoparticle	   based	   delivery	   systems	   improve	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pharmacokinetics,	  bioavailability,	  and	  sustained	  drug	  release	  due	  to	  the	   improved	  stability	  
of	  therapeutic	  agents	  against	  decomposition	  [7,	  8].	  	  
A	   study	   done	   by	   Sperling	   et	   al	   [9],	   has	   demonstrated	   that	   conjugated	   ligands	   using	   non-­‐
specific	   interactions	   with	   the	   nanoparticle	   surface	   increases	   stability	   against	   enzymatic	  
degradation.	  
Also,	  the	  relative	  stability	  of	  ligand-­‐gold	  bonding	  outside	  cells	  and	  decreased	  stability	  within	  
cells,	   partially	   due	   to	   high	   intracellular	   concentrations	   of	   glutathione,	   contributes	   to	   gold	  
nanoparticles	  being	  good	  agents	  for	  drug	  release	  and	  delivery	  [10].	  
Thus,	   it	   is	   hypothesised	   that	   the	   EGCg-­‐conjugated	   gold	   nanoparticles,	   although	   partially	  
oxdised,	   would	   still	   remain	   active	   as	   an	   antioxidant	   and	   retain	   its	   binding	   properties	   in	  
cancer	  preventation,	  and	  would	  also	  be	  as	  effective	  as	  pristine	  EGCg.	  The	  validation	  of	  this	  
hypothesis	   will	   have	   positive	   repercussions	   in	   the	   potential	   use	   of	   EGCg-­‐AuNPs	   as	   drug	  
delivery	   agents,	   and	   will	   also	   provide	   an	   ideal	   platform	   for	   a	   greener	   approach	   of	   gold	  
nanoparticle	  production	  without	  the	  intervention	  of	  hazardous	  ‘man-­‐made’	  chemicals.	  
Although	  there	  have	  been	  several	  studies	  performed	  on	  EGCg	  conjugated	  gold	  nanoparticles	  
[11,	  12],	  there	  have	  been	  little	  research	  in	  understanding	  the	  stoichiometric	  effects	  of	  EGCg	  
and	  gold	  concentration	  to	  which	  nanoparticles	  are	  formed.	  	  
EGCg	  has	  two	  pyrogallol	  groups	  in	  its	  structure,	  the	  B-­‐	  and	  D-­‐	  rings,	  capable	  of	  undergoing	  
oxidation	  to	  varying	  degrees.	  Pirker	  et	  al	  [13]	  have	  identified	  three	  radical	  species	  from	  the	  
autoxidation	   of	   EGCg	   corresponding	   to	   the	   oxidised	   B-­‐ring	   (1),	   oxidised	   D-­‐ring	   (2)	   and	  
oxidised	  gallic	  acid	  (3).	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Figure	  2.	  Radical	  products	  of	  EGCg	  generated	  during	  autoxidation	  under	  alkaline	  conditions	  (pH	  13),	  where	  the	  
main	  radical	  is	  the	  oxidation	  of	  the	  B-­‐ring	  (1).	  
Kondo	  et	  al	  [14]	  also	  proposed	  a	  mechanism	  in	  which	  the	  low	  bond	  dissociation	  energies	  of	  
the	  C-­‐2	  proton	  (C-­‐ring)	  and	  the	  C-­‐4’	  (B-­‐ring)	  and	  C-­‐4”	  (D-­‐ring)	  phenolic	  hydrogen	  atoms	  (see	  
Figure	   3)	   results	   in	   the	   formation	   of	   an	   anthocyanine-­‐like	   compound	   (4)	   resulting	   in	   a	  
cleavage	  of	  the	  galloyl	  group.	  
	  
Figure	  3.	  Calculated	  bond	  dissociation	  enthalpies	  of	  EGCg	  using	  the	  SPARTAN	  program	  (PM3).	  Image	  from	  
Kondo	  [14].	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It	   is	   also	   found	   that	   the	   rate	   of	   EGCg	   oxidation	   increases	  with	   increasing	   pH	   [15].	   Under	  
weak	  basic	   conditions	   (pH	  7-­‐9.5)	   the	  oxidation	  of	   the	  B-­‐ring	   is	   the	   favoured,	  whereas	   the	  
galloyl	  with	  its	  electron-­‐withdrawing	  carbonyl	  group	  is	  more	  difficult	  to	  oxidise.	  	  
The	  investigation	  of	  free	  radical	  formation	  of	  EGCg	  under	  the	  presence	  of	  oxidising	  agents	  
resemble	  well	  with	  alkaline	  autoxidation	  [16],	  however,	  the	  authors	  reported	  a	  main	  radical	  
by	  D-­‐ring	  oxidation.	  It	  was	  explained	  by	  Hou	  et	  al	  [17]	  that	  under	  oxidative	  conditions	  EGCg	  
is	  able	  to	  convert	  to	   its	  epimer	  gallocatechin	  gallate	  (GCG),	  which	  favours	  D-­‐ring	  oxidation	  
[13].	  Also,	  EGCg	  dimerisation	  and	  polymerisation	  has	  been	  reported	  to	  occur	  on	  oxidation	  
[17,	  18].	  
Zhu	   et	   al	   [19]	   has	   also	   demonstrated	   oxidation	   products	   from	   the	   oxidation	   and	  
carboxylation	   of	   the	   A-­‐ring	   as	   a	   result	   of	   hydrogen	   peroxide	   oxidant	   system.	   This	   study	  
provides	  unequivocal	  proof	  that	  the	  A-­‐ring	  may	  also	  serve	  as	  an	  antioxidant	  site.	  
Thus,	  EGCg	  is	  capable	  of	  multiple	  reductions	  of	  gold	  salts	  to	  its	  corresponding	  ground	  state	  
with	  eight	  potential	  –OH	  groups.	  Different	  stoichiometric	   ratios	  and	  concentrations	  would	  
have	   consequences	   allowing	   for	   different	   sizes	   and	   dispersity,	   surface	   functionalities	   and	  
stabilities	  of	  nanoparticles.	  
Herein,	   the	   synthesis	   of	   EGCg-­‐AuNPs	   is	   explored	   with	   a	   large	   pool	   of	   ratios	   and	  
concentrations	   to	   determine	   optimal	   monodispersity,	   sizes	   and	   stability	   for	   further	  
investigations	  in	  cell	  biology	  studies.	  
	  
3.2	  Experimental	  Section	  
3.2.1	  General	  Procedure	  
Gold	   chloride	   (AuCl3)	   and	   epigallocatechin-­‐3-­‐gallate	   (EGCg)	   were	   purchased	   from	   Sigma-­‐
Aldrich	   (USA).	   Dialysis	   tubing	   cellulose	   membrane	   (12	   kDA	   cut	   off)	   was	   purchased	   from	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Sigma-­‐Aldrich	   (USA)	   and	   used	   after	   sensitising	   by	   treating	   with	   sodium	   bicarbonate	   and	  
boiling	  in	  deionised	  water.	  
Nanoparticles	   were	   characterised	   by	   UV-­‐visible	   spectroscopy	   (Varian	   Cary	   50	  
spectrophotometer),	   in	   a	   quartz	   cuvette	   with	   a	   path	   length	   of	   1	   cm.	   Nanoparticle	   size	  
distribution	   was	   obtained	   using	   transmission	   electron	   microscopy	   (TEM,	   JOEL	   1010)	  
operated	   at	   100	   kV.	   TEM	  micrographs	  were	   obtained	   by	   drop	   casting	   samples	   on	   carbon	  
coated	  copper	  grids.	  
Atomic	  absorption	  analyses	  of	  nanoparticles	  were	  calculated	  for	  gold	  content	  using	  Varian	  
PerkinElmer	  atomic	  absorption	  spectrometer.	  
3.2.2	  ECGg	  mediated	  synthesis	  of	  gold	  nanoparticles	  
3.2.2.1	  Normal	  synthesis	  
EGCg	  was	  dissolved	   in	  milliQ	  water	  and	  gold	  chloride	   (0.5	  µL,	  100	  mM)	  was	  added	   to	   the	  
solution	  to	  allow	  formation	  of	  seeds.	  After	  1	  min,	  gold	  chloride	  (100	  mM)	  was	  added	  with	  
rapid	  stirring	  to	  give	  EGCG-­‐AuNPs	  as	  prepared;	  refer	  to	  Appendix	  C	  for	  detailed	  protocol	  and	  
data	  collection.	  Purification	  of	  EGCg-­‐AuNPs	  was	  made	  using	  dialysis	  and	  metal	  content	  was	  
determined	  by	  atomic	  absorption	  spectroscopy.	  
3.2.2.2	  Alternate	  synthesis	  
Gold	  chloride	  (100	  mM)	  was	  diluted	  to	  milliQ	  water	  and	  a	  concentrated	  amount	  of	  EGCg	  in	  
milliQ	  was	  added	  with	  rapid	  stirring	  to	  give	  alt-­‐EGCg-­‐AuNPs	  as	  prepared.	  Purification	  of	  alt-­‐
EGCg-­‐AuNPs	   was	   made	   using	   dialysis	   and	   metal	   content	   was	   determined	   by	   atomic	  
absorption	  spectroscopy.	  
3.2.2.3	  Gold	  content	  analysis	  
EGCG-­‐AuNPs	  were	  digested	  with	  aqua	  regia	  for	  30	  min	  then	  diluted	  to	  a	  total	  factor	  of	  20	  
with	  5%	  (v/v)	  aqua	  regia.	  Gold	  standards	  5.0,	  8.0,	  11.0,	  14.0,	  17.0,	  20.0	  ppm	  in	  1%	  (v/v)	  aqua	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regia,	  were	  made	  up.	  Matrix	  blank	  of	  0.0	  ppm	  in	  5%	  (v/v)	  aqua	  regia,	  was	  made	  up;	  refer	  to	  
Appendix	  C	  for	  detailed	  data	  collection	  and	  computation	  of	  results.	  
3.2.2.4	  Stability	  Studies	  
Phosphate	  buffer	  saline	  (PBSX1)	  was	  used	  and	  adjusted	  to	  pH	  4.2	  and	  pH	  9.0,	  fetal	  bovine	  
serum	   (FBS)	   found	   in	   cell	  media	  was	  also	  added	   in	   concentrations	  0.01%,	  0.1%,	  1.0%	  and	  
10%	  and	  studied	  with	  purified	  optimised	  EGCg-­‐AuNPs.	  
	  
3.3	  Results	  and	  discussion	  
3.3.1	  General	  synthesis	  
The	  colour	  of	  the	  solutions	  changed	  from	  colourless	  to	  red,	  purple	  or	  blackish	  purple	  upon	  
reduction	  of	  Au3+	  to	  its	  ground	  state	  by	  EGCg.	  The	  characteristic	  surface	  plasmon	  resonance	  
band	  was	  observed	  between	  526	  to	  595	  nm,	  which	  indicated	  the	  synthesis	  of	  EGCg-­‐AuNPs.	  
The	   reaction	   preceded	   rapidly	   under	   room	   temperature	   (24	   ˚C)	   as	   indicated	   by	   colour	  
change	  within	  10	  sec	  to	  1	  min	  and	  was	  left	  to	  ripen	  for	  24	  hrs	  before	  analysis.	  This	  indicates	  
a	  fast	  reaction	  being	  eco-­‐friendly	  and	  also	  requires	  minimal	  energy.	  
3.3.2	  Stoichiometric	  analysis	  
A	  total	  of	  5	  systems	  (including	  1	  alternative	  system)	  and	  40	  syntheses	  of	  EGCg-­‐AuNPs	  were	  
made	  using	  different	   ratios	  and	  concentrations	  of	  EGCg	  and	  gold	   (see	  Figure	  13).	  Because	  
EGCg	   has	   8–OH	   groups	   potentially	   capable	   of	   reducing	   gold,	   each	   system	   has	   synthesis	  
ratios	  from	  1:1	  to	  1:	  !!,	  gold	  to	  EGCg	  respectively.	  
These	   synthesises	   can	   also	   be	   characterised	   into	   4	   categories	   to	   better	   understand	  
comparatively	  optimal	  synthesises.	  These	  are:	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1. Constant	   [Au]	   concentration	   (1G,	   2G	   and	   4G	   systems)	   but	   with	   varying	   [EGCg]	  
concentrations	  and	  ratios	  to	  gold	  
2. Constant	  ratio	  of	  gold	  and	  EGCg	  but	  with	  varying	  their	  concentrations	  
3. Constant	  [EGCg	  +	  Au]	  total	  molar	  concentration	  (m	  system),	  but	  with	  varying	  ratios	  
of	  EGCg	  and	  gold.	  
4. Constant	  [EGCg]	  concentration	  but	  with	  varying	  [Au]	  concentration	  
	  
3.3.2.1	  Constant	  gold	  concentration	  
When	  observing	  the	  constant	   [Au]	  concentration	   (0.8316	  mM	  (1G),	  1.663	  mM	  (2G),	  3.326	  
mM	  (4G))	  with	  varying	  gold	  to	  EGCg	  ratios,	  as	  shown	  by	  plotting	  wavelength	  maxima	  (λMax)	  
or	   DLS	   radii	   against	   ratio,	   Figure	   4,	   it	   is	   observed	   that	   lower	   the	   concentration	   of	   [EGCg]	  
gave	  smaller	  and	  more	  control	  over	  nanoparticle	  size.	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Figure	  4.	  The	  trend	  of	  λMax	  and	  DLS	  radii	  on	  the	  synthesis	  of	  4G,	  2G	  and	  1G	  systems	  as	  prepared.	  
Ratios	   of	   1:	  !!	  to	   1:	  !!	  gave	   aggregation	   leading	   to	   clear	   solutions	   which	   indicates	   lower	  
stability	  at	   lower	  concentrations	  of	  EGCg.	  This	  could	  also	  indicate	  an	  incomplete	  reduction	  
of	  Au3+	  ions	  that	  could	  act	  as	  a	  counterion	  in	  destabilising	  the	  nanoparticles.	  	  
	  
Figure	  5.	  UV-­‐visible	  spectra	  of	  1G	  system	  as	  prepared	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The	   UV-­‐visible	   spectrum	   in	   Figure	   5	   indicates	   280	   nm	   peaks,	   which	   corresponds	   to	   π-­‐π	  
bonding	  within	  the	  aromatic	  structure	  of	  EGCg;	  refer	  to	  Appendix	  A	  for	  2G	  and	  4G	  spectra.	  
The	   shoulder	   peaks	   of	   1:  !!	  to	   1:  !!	  could	   be	   due	   to	   ligand	   metal	   charge	   transfer	   [20,	   21],	  
which	  could	  suggest	  that	  1:1	  ratio	  has	  free	  EGCg	  or	  that	  the	  aromatic	  region	  is	  not	  in	  close	  
proximity	  with	   the	  metal	   nanoparticle.	  Another	   supporting	  point	   is	   that	   EGCg	  oxidised	  by	  
concentrated	  sulphuric	  acid	  (~10	  M)	  showed	  no	  changes	  in	  the	  280	  nm	  peak	  corresponding	  
to	  the	  aromatic	  structure;	  refer	  to	  Appendix	  A	  for	  UV-­‐vis	  spectrum.	  
An	  alternate	  synthesis,	  where	  the	  reducing	  agent	  EGCg	  was	  added	  into	  dilute	  gold	  solution,	  
gave	  different	  trends	  of	  nanoparticle	  distribution,	  size	  and	  stability	  (Figure	  6).	  Both	  1G	  and	  
alt-­‐1G	  have	   the	  same	  amount	  of	  gold	  and	  EGCg	  concentration,	  but	  nanoparticle	  sizes	  and	  
distributions	  are	  significantly	  different	  indicating	  that	  the	  order	  at	  which	  reagents	  are	  added	  
matters.	  
	  
Figure	  6.	  The	  trend	  of	  alt-­‐1G	  system,	  showing	  that	  the	  order	  in	  which	  the	  reagents	  are	  added	  matters.	  
TEM	  micrographs	   generally	   provide	   information	   regarding	   the	   shape,	   size	   and	   dispersion	  
state	   of	   nanoparticles.	   As	   illustrated	   in	   Figure	   7,	   there	   are	   drastic	   differences	   between	  
alternate	  and	  normal	  synthesis	  (alt-­‐1G	  and	  1G).	  These	  differences	  can	  also	  be	  explain	  from	  
the	  synthesis	  reactions	  times	  where	  alt-­‐1G	  tends	  to	  form	  nanoparticles	  slower	  than	  the	  1G	  
system.	   The	   A-­‐1G	   system	   has	   various	   shapes	   of	   gold	   nanoparticles	   including	   triangular,	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pentagonal,	  spherical,	  and	  non-­‐equilateral	  and	  irregular	  hexagonal	  shapes.	  The	  1G	  system,	  
however,	   indicates	   a	   general	   shape	   of	   spherical	   distribution	   where	   1:1	   ratio	   is	   most	  
monodispersed.	  The	   ratios	  1:	  !!	  and	  1:	  !!	  exchanges	  dispersity	   for	   smaller	  nanoparticle	   sizes	  
as	   compared	   to	   1:1.	   Ratios	   1:	  !!	  and	   1:	  !!	  (see	   Figure	   8)	   however	   are	   becoming	   less	   stable	  
indicating	   rod-­‐like	  and	   irregular	  sizes	  with	  agglomeration	  happening	  upon	  drop	  casting	  on	  
TEM	  grids.	  
	  
Figure	  7.	  TEM	  micrographs	  of	  alt-­‐1G	  and	  1G	  systems	  as	  prepared	  showing	  the	  difference	  in	  nanoparticle	  size	  
and	  distribution	  where	  the	  order	  of	  reagents	  was	  exchanged.	  
	  
Figure	  8.	  TEM	  micrographs	  of	  the	  1G	  system	  as	  prepared	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Micrographs	  of	  2G	  and	  4G	  systems	  (Figures	  9	  and	  10	  respectively)	  provide	  similar	  patterns	  
as	  compared	  to	  the	  1G	  system,	  however,	  particles	  become	  more	  polydispersed,	  are	   larger	  
and	   more	   agglomerated.	   Similar	   to	   the	   1G	   system,	   they	   are	   generally	   spherical	   in	  
morphology,	   and	   become	  more	   agglomerated	   at	   lower	   ratios	   of	   gold	   to	   EGCg.	   Unlike	   1G	  
system,	  2G	  and	  4G	  are	  more	  robust	  and	  stable	  at	   lower	  ratios.	  Higher	  ratios	  of	  2G	  and	  4G	  
indicate	   fibre	   like	   coating	   around	   nanoparticles.	   These	   are	  most	   likely	   the	   oxidised	   EGCg,	  
whether	  polymerised,	  π-­‐π	  stacking	  or	  hydrogen	  bonded,	  has	  not	  been	  studied.	  
	  
	  	  	  	  	  	  	   	  
Figure	  9.	  TEM	  microgrpahs	  of	  the	  2G	  system	  as	  prepared	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Figure	  10.	  TEM	  micrographs	  of	  the	  4G	  system	  as	  prepared	  
3.3.2.2	  Constant	  ratio	  of	  gold	  and	  EGCg	  
When	  observing	  the	  constant	  ratio	  of	  gold	  and	  EGCg	  but	  with	  varying	  concentrations	  of	  [Au]	  
and	  [EGCg],	  two	  graphs	  of	  λMax	  can	  be	  compared	  (see	  Figure	  11),	  that	  is	  [Au]	  and	  λMax,	  and	  
[EGCg]	  and	  λMax.	  The	  increase	  in	  [EGCg]	  and	  [Au]	  concentration	  leads	  to	  a	  general	  increase	  in	  
nanoparticle	  size	  as	  observed	  in	  increase	  λMax	  (and	  TEM	  mircrographs	  of	  1G	  through	  to	  4G)	  
except	  for	  the	  1:	  !!	  ratio.	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Figure	  11.	  	  The	  effect	  of	  [EGCg]	  and	  [Au]	  on	  the	  λMax	  of	  constant	  ratios	  
3.3.2.3	  Constant	  total	  molar	  concentration	  
The	  concentration	  and	  ratio	  of	  EGCg	  and	  gold	  salts	  have	  influence	  in	  affecting	  particle	  sizes.	  
Hence	   a	   constant	  molar	   concentration	   system	   (‘m’	   system)	  was	   synthesis	   to	   observe	   the	  
relation	  of	  only	   ratio	   influence	  on	  size.	  This	  system	   involves	  a	  constant	   total	  gold	  salt	  and	  	  
EGCg	  concentration	  of	  1.663	  mM	  with	  varying	  ratios	  of	  1:  !!	  to	  1:  !!;	  refer	  to	  Appendix	  A	  for	  
TEM	  micrographs.	  The	  relation	  of	  particle	  size	  (λMax)	  and	  ratio,	  Figure	  12,	  indicates	  that	  the	  
lower	  the	  ratio	  gave	  lower	  the	  nanoparticle	  sizes.	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Figure	  12.	  The	  trend	  of	  λMax	  on	  the	  m	  system	  as	  prepared	  
3.3.2.4	  Constant	  EGCg	  concentration	  
When	  observing	  constant	  [EGCg]	  concentration	  at	  0.8316	  mM	  (see	  Figure	  13	  yellow	  line)	  in	  
a	  range	  of	  0.8316	  to	  3.326	  mM	  [Au],	  it	  is	  observed	  that	  a	  change	  of	  λMax	  from	  539.0	  to	  533.6	  
nm	  was	  observed.	  This	  suggests	  that	  an	  increasing	  in	  [Au]	  concentration	  leads	  to	  a	  decrease	  
in	  particle	  size.	  When	  in	  comparison	  with	  constant	  [Au]	  concentration,	  a	  qualitative	  analysis	  
can	  be	  made,	  as	  shown	  in	  Table	  1.	  
Constant	  [EGCg]	   Conc.	  range,	  [Au]	  mM	   λ	  range,	  nm	   Change,	  nm/mM  	  
0.8316	   0.8316-­‐3.326	   539.0-­‐533.6	   -­‐2.165,	  -­‐3.247	  
Constant	  [Au]	   Conc.	  range,	  [EGCg]	  mM	   	  
0.8316	  (1G)	   0.1663-­‐0.8316	   531.0-­‐539.0	   12.02,	  26.89	  
1.663	  (2G)	   0.3326-­‐1.663	   530.5-­‐558.5	   21.04,	  26.06	  
3.326	  (4G)	   0.6652-­‐3.326	   527.1-­‐595.5	   25.71	  
Table	  1.	  Comparison	  in	  the	  change	  of	  nm/mM,	  which	  indicates	  the	  effectiveness	  of	  concentration	  change	  on	  
particle	  size	  change.	  The	  first	  number	  is	  the	  change	  over	  the	  synthesis	  range	  (i.e.	  1:  !!	  to	  1:  !!)	  while	  the	  second	  
number	  is	  the	  maximum	  change	  possible	  (i.e.	  higest	  to	  lowest	  λMax	  range)	  	  
The	   results	   indicate	   a	   maximum	   change	   of	   26.89,	   26.06	   and	   25,71	   nm/[EGCg]mM	   for	  
constant	   [Au]	   concentration	   –	   1G,	   2G	   and	   4G	   respectively,	   whereas	   in	   constant	   [EGCg]	  
concentration	  maximum	  change	  is	  -­‐3.247	  nm/[Au]mM.	  These	  suggest	  that	  change	  in	  [EGCg]	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concentration	  has	  more	  influence	  on	  particle	  size	  while	  as	  change	  in	  [Au]	  concentration	  has	  
little	  effect.	  	  
	  
Figure	  13.	  Overall	  2D/3D	  plot	  of	  [EGCg],	  [Au]	  and	  λMax	  
3.3.3	  Characterisation	  of	  Optimal	  Nanoparticles	  
In	  summary,	  the	  analysis	  of	  4	  categories	  of	  EGCg-­‐AuNP	  synthesis	  has	  shown	  that	   lowering	  
Au	  to	  EGCg	  ratio	  of	  synthesis	  results	  in	  smaller	  nanoparticle	  sizes	  with	  more	  control	  over	  the	  
average	  particle	  sizes.	  The	  only	  exception	  to	  this	  observation	  is	  Au	  to	  EGCg	  ratio	  1:  !!	  where	  
increasing	   the	   total	   concentration	   of	   synthesis	   results	   in	   larger	   particle	   sizes.	   Data	   also	  
suggest	   that	   synthesis	  with	  ↓[EGCg]	   concentration	   results	   in	   smaller	   particles	   sizes	  while	  	  
synthesis	   with	   ↑[Au]	   concentration	   results	   in	   slightly	   smaller	   particle	   sizes.	   The	   [EGCg]	  
concentration	  has	  also	  been	   shown	   to	  have	  greater	   influence	  over	   change	   in	  particle	   size	  
than	  [Au]	  concentration,	  as	  summarised	  in	  Table	  2.	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Minimal	  particle	  
size	  synthesis	  
(stability	  &	  
monodispersity	  not	  
taken	  to	  account)	  
↓[EGCg]	   ↑[Au]	   Ratio	  of	  Au:EGCg	  >	  1:  𝟏𝟓	  
↓both	  [EGCg]	  &	  [Au]	  since	  [EGCg]	  more	  influence	  
At	  some	  point↓both	  [EGCg]	  &	  [Au]	  means	  Au:EGCg	  >>	  1:  !!	  
Table	  2.	  Summary	  of	  the	  reagents	  used	  during	  synthesis	  for	  minimal	  EGCg-­‐AuNP	  sizes	  
From	  TEM	  micrographs,	  the	  optimal	  size,	  morphology	  and	  monodispersity	  are	  obtained	  for	  
1G(1:1),	  1G(1:	  !!)	  and	  1G(1:	  !!)	   for	  normal	  synthesis;	  and	  alt-­‐1G(1:1)	   for	  alternate	  synthesis,	  
which	  have	  been	  chosen	  for	  further	  investigations	  on	  cellular	  uptake	  studies.	  
Using	   the	   program	   Image-­‐J	   for	   calculation	   of	   TEM	   radii,	   the	   average	   TEM	   radii	   were	  
tabulated	   in	   Table	   3.	   Using	   ALV	   Fast	   DLS	   instrument,	   the	   DLS	   radii	   of	   both	   synthesis	   as	  
prepared	  and	  dialysed	  were	  tabulated	  in	  Table	  4.	  
TEM	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	   alt-­‐1G(1:1)	  
Radii,	  nm	   7.95	   7.16	   6.81	   26.3	  
Table	  3.	  TEM	  radii	  sizes	  
DLS	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	   alt-­‐1G(1:1)	  
As	  prepared	  radii,	  nm	   340	   33	   17	   50	  
Dialysed	  radii,	  nm	   145	   33	   23	   48	  
Table	  4.	  DLS	  radii	  sizes,	  in	  which	  1G(1:1)	  indicates	  a	  loss	  of	  EGCg	  the	  drop	  in	  DLS	  radii	  after	  dialysis	  
After	   performing	   purification	   via	   dialysis,	   there	  was	   a	   noticeable	   drop	   in	   DLS	   radii	   of	   the	  
1G(1:1)	  as	  indicated	  in	  Figure	  14.	  Likewise,	  it	  can	  be	  seen	  that	  the	  UV-­‐vis	  spectra	  of	  1G(1:1)	  
and	  alt-­‐1G(1:1)	  had	  a	  reduction	  in	  280	  nm	  peak	  intensity,	  an	  indicative	  of	  loss	  of	  free	  EGCg	  
(see	  Figure	  15).	  If	  it	  is	  assume	  that	  EGCg	  contributes	  to	  the	  increase	  in	  hydrodynamic	  radius	  
of	  EGCg-­‐AuNPs	  alone,	  then	  alt-­‐1G(1:1)	  would	  have	  indicated	  a	  significant	  drop	  or	  difference	  
in	  DLS	  radii.	  Thus,	  it	  is	  probable	  that	  the	  high	  DLS	  radii	  in	  as	  prepared	  1G(1:1)	  EGCg-­‐AuNPs	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could	  be	  due	  to	  the	  clusters	  of	  EGCg-­‐AuNPs	  hydrogen	  bonded	  together	  through	  free	  EGCg	  
molecules.	  
	  
Figure	  14.	  DLS	  radii	  sizes	  of	  pristine	  and	  dialysed	  EGCg-­‐AuNPs	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Figure	  15.	  UV-­‐visible	  spectra	  of	  EGCg-­‐AuNPs	  as	  prepared	  and	  dialysed.	  There	  is	  a	  noticeable	  drop	  in	  280	  nm	  
peak	  intensity	  for	  1G(1:1)	  and	  alt-­‐1G(1:1)	  indicating	  a	  loss	  of	  EGCg.	  
The	  percentage	  yields	  of	  the	  EGCg-­‐AuNPs	  were	  determined	  by	  AAS	  comparing	  the	  amount	  
of	  gold	   in	  the	  as	  prepared	  EGCg-­‐AuNP	  with	  dialysed	  EGCg-­‐AuNPs.	  The	  concentration	  were	  
also	   determine	   to	   95%	   confidence	   interval	   as	   shown	   in	   Table	   5;	   refer	   to	   Appendix	   C	   for	  
calculations	  using	  AAS.	  
AAS	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	   alt-­‐1G(1:1)	  
Yield	   96.4%	   97.9%	   95.1%	   87.4%	  
[Au],	  mM	   0.8009	  ±	  0.0289	   0.8226	  ±	  0.0143	   0.8241	  ±	  0.0457	   0.7289	  ±	  0.0345	  
Table	  5.	  Concentration	  of	  gold	  in	  dialysed	  EGCg-­‐AuNPs	  via	  AAS	  
Observing	  the	  FT-­‐IR	  spectra	  of	  EGCg	  and	  EGCg-­‐AuNPs,	   (see	  Figure	  16),	   it	  can	  be	  seen	  that	  
the	   small	   peaks	   between	   3600-­‐3200	   cm-­‐1	   on	   EGCg	   correspond	   to	   non-­‐hydrogen	   bonded	  
phenols,	   whereas	   the	   broad	   peak	   between	   3640-­‐3000	   cm-­‐1	   corresponds	   to	   hydrogen	  
bonded	  phenols	  as	  also	  seen	  in	  1G(1:1),	  1G(1:	  !!),	  alt-­‐1G(1:1)	  	  but	  	  not	  in	  1G(1:	  !!).	  	  The	  low	  	  –
OH	  frequency	  range	  toward	  2500	  cm-­‐1	  be	  seen	  in	  1G(1:	  !!)	  which	  could	  indicate	  the	  presence	  
of	  gallic	  acid	  due	  to	  EGCg	  oxidation.	  Small	  peaks	  between	  2960-­‐2850	  cm-­‐1	  correspond	  to	  the	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sp3	  C-­‐H	  stretching	   in	   the	  C	  ring	  of	  EGCg.	  Small	   traces	  can	  also	  be	  seen	   in	  1G(1:1),	  1G(1:	  !!)	  
and	  alt-­‐1G(1:1).	  	  
	  
Figure	  16.	  FT-­‐IR	  spectra	  of	  dialysed	  EGCg-­‐AuNPs	  and	  EGCg	  on	  silicon	  wafer.	  
Expanding	   towards	   the	   fingerprint	   region	   of	   the	   IR	   spectra,	   (see	   Figure	   17),	   the	  
characteristic	  peak	  at	  1687	  cm-­‐1	  corresponds	  to	  C=O	  (conjugated	  ester)	  in	  EGCg.	  There	  is	  a	  
noticeable	  blue	  shift	  in	  1G(1:1)	  and	  1G(1:	  !!),	  at	  1740	  and	  1730	  cm-­‐1	  respectively.	  The	  small	  
difference	   between	   1G(1:1)	   and	   1G(1:	  !!)	   could	   be	   due	   to	   the	   presence	   of	   gallic	   acid	   or	  
oxidation	  formation	  of	  ketone,	  which	  both	  have	  lower	  frequency	  C=O	  stretching	  compared	  
to	  esters.	  Characteristic	  peaks	  between	  1640-­‐1517	  cm-­‐1	  correspond	  to	  C=C	  in	  the	  aromatic	  
of	   EGCg	   [22],	   which	   are	   present	   in	   all;	   the	   broadening	   of	   the	   peaks	   in	   1G(1:	  !!)	   probably	  
suggest	  many	   different	   aromatic	   species.	   Aliphatic	   C-­‐H	   bending	   corresponds	   to	   the	   1467-­‐
1445	   cm-­‐1	   peaks	   [22],	  which	   are	  present	   in	   all.	   C-­‐O	   stretching	  of	   esters	   and	   carboxyls	   fall	  
within	   1370-­‐1295	   cm-­‐1	   [22,	   23],	   each	   having	   known	   to	   have	   2	   peaks	   each	   [24,	   25].	   C-­‐O	  
stretching	   of	   phenols	   falls	  within	   1268-­‐1010	   cm-­‐1	   [22,	   23]	   and	   aromatic	   C-­‐H	   bending	   falls	  
within	  852-­‐742	  cm-­‐1	  [22].	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Figure	  17.	  FT-­‐IR	  spectra	  expanded	  in	  the	  fingerprint	  region	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3.3.4	  Stability	  Studies	  of	  EGCg-­‐AuNPs	  
The	  addition	  of	  salt	  (electrolytes)	  reduces	  the	  thickness	  of	  the	  diffused	  layer	  (debye	  length)	  
thus	  the	  stability	  of	  nanoparticles.	  Because	  cell	  media	  consist	  of	  both	  salt	  and	  proteins,	  it	  is	  
important	  that	  nanoparticles	  remain	  stable	  for	  its	  potential	  us	  as	  a	  drug	  delivery	  agent.	  	  
Results	  show	  that	  dialysed	  1G(1:1),	  1G(1:  !!)	  and	  1G(1:  !!)	  were	  stable	  in	  both	  PBSX1	  pH	  4.2	  
and	  pH	  9.0	  for	  24	  hrs;	  refer	  to	  Appendix	  A	  for	  UV-­‐visible	  spectra	  of	  stability	  studies.	  Dialysed	  
alt-­‐1G(1:1)	   was	   stable	   in	   pH	   9.0	   (Figure	   18	   top)	   but	   aggregated	   in	   pH	   4.2,	   however	   the	  
addition	   of	   0.01%	   FBS	   stabilizes	   the	   nanoparticle	   system	   indicating	   FBS	   as	   a	   stabilizer,	   as	  
shown	  in	  Figure	  18	  bottom.	  
The	  peak	  rising	  at	  pH	  4.2	  was	  observed	  in	  all	  spectra	  (also	  seen	  in	  Figure	  18	  bottom),	  which	  
could	   be	   due	   to	   low	   pH	   giving	   rise	   to	   positively	   charged	   albumin	   in	   FBS	   [26].	   This	  would	  
cause	  interactions	  between	  the	  negatively	  charged	  nanoparticles,	  leading	  to	  changes	  in	  the	  
dielectric.	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Figure	  18.	  Dialysed	  alt-­‐1G(1:1)	  in	  PBSX1	  pH	  9.0	  (top)	  and	  pH	  4.2	  (bottom)	  after	  24	  hrs	  aggregated,	  but	  in	  the	  
presence	  of	  0.01%	  FBS	  was	  stabilized.	  
3.4	  Conclusions	  
In	  existing	  literature,	  there	  have	  been	  studies	  on	  nanoparticle	  synthesis	  with	  varying	  ratios	  
and	   concentrations.	   In	   general,	   high	   reducing	   agent	   ratio	   results	   in	   smaller	   synthesised	  
particle	   sizes	   due	   to	   higher	   rate	   of	   nucleation	   of	   nanoparticles	   [27-­‐31].	   However,	   the	  
method	   adopted	   in	   this	   chapter	   has	   shown	   the	   opposite	   –	   lower	   reducing	   agent	   (EGCg)	  
resulting	   in	  a	  smaller	  average	  particle	  size.	  This	  may	   indicate	  a	  different	  or	  more	  complex	  
mechanism	  of	  action	  in	  nanoparticle	  formation.	  
In	  this	  chapter,	   it	  was	  observed	  that	  the	  1G	  system	  had	  the	  overall	  better	  monodispersity,	  
morphology	   and	   minimal	   sizes,	   in	   which	   1G(1:1),	   1G(1:	  !!)	   and	   1G(1:	  !!),	   and	   an	   alternate	  
synthesis	   alt-­‐1G(1:1)	  were	   chosen	   for	   further	   studies.	   Purification	   and	   characterisation	   of	  
the	   optimised	   nanoparticles	  were	  made	   using	  UV-­‐vis,	   AAS,	  DLS,	   TEM	  and	   FT-­‐IR.	   The	   TEM	  
micrographs	  of	  the	  purified	  optimised	  nanoparticles	  that	  were	  further	  studied	  are	  shown	  in	  
Figure	  19.	  Studies	  on	  nanoparticle	  stability	  have	  shown	  that	  these	  optimised	  nanoparticles	  
will	   be	   stable	   under	   biological	   systems	   and	  were	   used	   in	   protein	   interaction	   and	   cellular	  
studies	  in	  the	  later	  chapters.	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Chapter	  4	  
Protein	  Interactions	  
	  
This	  chapter	  deals	  with	   the	   interaction	  of	  EGCg-­‐AuNPs	  with	  BSA	   in	  both	  an	   indirect	  and	  a	  
direct	  approach.	  The	  indirect	  approach	  involves	  measuring	  protein	  interaction	  with	  the	  loss	  
of	   fluorescein	   isothiocyanate	   (FITC)	   conjugated	   BSA,	   while	   the	   direct	   approach	  measures	  
directly	  the	  amount	  of	   fluorescence	  quenching	  by	  EGCg-­‐AuNPs.	  These	  approaches	  provide	  
detailed	   information	   of	   the	   BSA	   per	   nanoparticle	   binding	   and	   the	   thermodynamics	   of	  
binding.	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4.1	  Introduction	  
Upon	   considering	   the	   in	   vivo	   uses	   of	   nanoparticles,	   it	   is	   essential	   to	   understand	   protein	  
interactions	  within	  biological	  fluids.	  The	  introduction	  of	  nanoparticles	  in	  the	  plasma	  rapidly	  
causes	  surface	  interactions	  with	  proteins.	  Factors	  like	  hydrophobicity	  [1]	  and	  surface	  charge	  
density	   [2],	   based	   on	   thermodynamic	   parameters,	   influence	   the	   amount	   of	   binding	   and	  
degree	   of	   interactions.	   This	   protein	   adsorption,	   also	   known	   as	   protein	   corona,	   alters	   the	  
interfacial	   composition	   by	   changing	   the	   aggregation	   state	   and	   the	   overall	   size	   of	  
nanoparticles.	  This	  renders	  a	  new	  biological	  perception	  of	  nanoparticles	  to	  the	  cells	  that	  is	  
distinct	   from	   its	   parent	   composition	   [3].	   The	   structure	   and	   composition	   of	   the	   surface	  
corona	   highly	   depends	   on	   the	   size,	   morphology	   [4]	   and	   surface	   functionality	   of	  
nanoparticles.	   This	   in-­‐turn	   determines	   the	   toxicity,	   immune	   responses,	   accumulation	   and	  
pharmokinetic	  half-­‐life	  (degradation	  and	  clearance)	  of	  nanoparticles.	  	  
In	   general,	   high	  hydrophobic	   surfaces	   tend	   to	   lead	   to	  high	  plasma	  protein	  binding,	  which	  
often	   interacts	   with	   macrophages	   (immune	   system)	   leading	   to	   faster	   clearance,	   thus	  
preventing	  drug	  localisation	  to	  a	  desire	  target	  [5].	  This	  also	  tends	  to	  correlate	  to	  toxicity	  due	  
to	  strong	  cell-­‐particle	  interactions	  [6].	  On	  the	  other	  hand,	  highly	  anti-­‐fouling	  and	  hydrophilic	  
surfaces	  tend	  to	  render	  thermodynamically	  unstable	  protein	  adsorption	  leading	  to	  a	  higher	  
pharmokinetic	  half-­‐life	  but	  can	  lead	  to	  a	  loss	  in	  the	  general	  affinity	  to	  its	  target	  [7].	  In	  some	  
case,	   nanoparticles	   can	   induce	   conformational	   changes	   [8]	   and	   modifications	   in	   the	  
secondary	  structure	  of	  proteins	  [9].	  Depending	  on	  the	  type	  of	  protein	  adsorb,	  the	  kinetics	  of	  
nanoparticles	   uptake	   in	   the	   cells	   may	   vary.	   Studies	   have	   shown	   that	   protein	   corona	  
consisting	   of	   apolipoproteins	   assisted	   in	   the	   uptake	   of	   nanoparticles	   into	   cells	   whereas	  
protein	   corona	   consisting	   of	   immunoglobulins	   resulted	   in	   immune	   responses	   by	  
macrophages	  [10].	  These	  suggest	  that	  the	  cellular	  uptake	  of	  nanoparticles	  depends	  on	  the	  
amount	  and	  types	  of	  protein	  adsorbed.	  
From	   the	  previous	   chapter,	   it	   has	  been	   shown	   that	   the	  optimised	  EGCg-­‐AuNPs	  –	   1G(1:1),	  
1G(1:  !!),	  1G(1:  !!)	  and	  alt-­‐1G(1:1),	  exhibit	  stability	  under	  	  cell	  culture	  	  conditions.	  It	  was	  also	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shown	  that	  the	  addition	  of	  FBS	  increased	  the	  stability	  of	  nanoparticles	  [11],	  which	  indicates	  
surface	  interactions	  preventing	  agglomeration.	  The	  most	  abundant	  component	  in	  FBS	  is	  the	  
protein,	  bovine	  serum	  albumin	  (BSA)	  [12],	  which	  is	  a	  66.5	  kDa	  macromolecule	  known	  for	  its	  
ability	  in	  maintaining	  osmotic	  pressure	  and	  as	  a	  carrier	  of	  low	  water	  solubility	  molecules.	  It	  
contains	  two	  characteristic	  tryptophan	  residues	  (Trp-­‐134,	  Trp-­‐213)	  both	  known	  to	  produce	  
strong	   intrinsic	   fluorescence,	  which	  have	  been	  studied	  extensively	  as	  a	   reporter	   for	   ligand	  
binding	  studies	  [13].	  
In	  terms	  of	  protein	  corona,	  adsorbed	  albumin	  is	  known	  to	  mask	  nanoparticles	  from	  immune	  
responses	   [14]	   and	   in	   some	   cases	   increase	   the	   uptake	   of	   nanoparticles	   through	   caveolae	  
mediated	  endocytosis	  [15].	  
Herein,	  the	   interaction	  of	  BSA	  and	  EGCg-­‐AuNP	  is	  studied	  to	   increase	  our	  understanding	  of	  
the	  surface	  corona	  and	  predict	  cellular	  physiological	  responses.	  This	  chapter	  consists	  of	  two	  
protein	   binding	   interaction	   studies.	   The	   first	   study	   consists	   of	   an	   indirect	   analysis	   in	  
determining	   the	   amount	   of	   fluorescence	   labeled	   BSA-­‐FITC	   binding	   per	   EGCg-­‐AuNP.	   The	  
second	  study	  involves	  fluorescence	  quenching	  experiments	  due	  to	  the	  binding	  between	  BSA	  
on	  EGCg-­‐AuNPs	  surface.	  
	  
4.2	  Experimental	  Section	  
4.2.1	  General	  Procedure	  
Fluorescein	   isothiocyanate	   (FITC),	   bovine	   serum	   albumin	   (BSA),	   sodium	   cabornate	   and	   2-­‐
mercaptoethanol	   were	   purchased	   from	   Sigma-­‐Aldrich	   (USA).	   Phosphate-­‐buffered	   saline	  
(PBSX1,	  pH	  7.4)	  was	  purchased	  from	  life	  technologies.	  	  
Quantification	   of	   BSA-­‐FITC	   was	   made	   using	   UV-­‐visible	   spectroscopy	   (Varian	   Cary	   50	  
spectrophotometer),	  in	  a	  quartz	  cuvette	  with	  a	  path	  length	  of	  1	  cm.	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Kinetic	   and	   temperature	   dependent	   studies	   were	   performed	   using	   Jobin	   Vyon	   Horiba	  
Fluoromax	  4,	  in	  a	  4	  clear	  wall	  quartz	  cuvette.	  
4.2.2	  Indirect	  analysis	  of	  BSA	  bounded	  to	  EGCg-­‐AuNPs	  
4.2.2.1	  Synthesis	  and	  quantification	  of	  BSA-­‐FITC	  
Sodium	  carbonate	  (1.06	  g)	  was	  dissolved	  in	  70	  mL	  water	  and	  adjusted	  with	  2	  M	  HCl	  till	  pH	  
9.3	  was	  attained.	  BSA	  (30.2	  mg)	  was	  left	  to	  dissolve	  in	  the	  sodium	  bicarbonate	  buffer	  (3	  mL)	  
for	  3	  hrs	  at	  4	  ˚C	  and	  was	  then	  separated	  into	  3	  vials	  containing	  1	  mL	  of	  BSA	  in	  each.	  FITC	  (2	  
mg)	  was	  left	  to	  dissolve	  in	  1000	  μL	  buffer	  for	  3	  hrs	  at	  4	  ˚C	  and	  protected	  from	  light.	  Further	  
200	  μL	   of	   this	   stock	  was	   diluted	   to	   500	  μL	  with	   buffer.	   This	   new	  dilution	  of	   FITC	   (200	  μL	  
each)	  was	  added	  into	  2	  vials	  of	  BSA	  buffer	  and	  left	  overnight	  at	  4	  ˚C.	  
A	  PD-­‐10	  column	  was	  washed	  with	  25	  mL	  PBSX1	  and	  the	  crude	  BSA-­‐FITC	  (2.4	  mL)	  was	  loaded	  
into	  the	  column	  and	  3	  mL	  of	  purified	  yellow	  BSA-­‐FITC	  was	  collected	  and	  measured	  with	  UV-­‐	  
vis	  spectroscopy.	  
Preparation	   of	   BSA	   standards	   –	   200-­‐1000	   ppm	   were	   made	   up	   to	   determine	   the	  
concentration	   of	   purified	   BSA-­‐FITC;	   refer	   to	   Appendix	   B	   for	   detailed	   calculation	   and	  
quantification	   via	   standard	   curve	   and	   percent	   extinction	   coefficient,	   and	   labelling	   ratio;	  
refer	  to	  Appendix	  C	  for	  detailed	  data	  collection	  and	  computation	  of	  results.	  
4.2.2.2	  Binding	  studies	  
2-­‐mercaptoethanol	   (100	  mM)	   in	   PBSX1	   (800	  μL)	  was	   added	   to	  BSA-­‐FITC	   (800	  μL)	   and	   left	  
overnight	   at	   4	   ˚C.	   The	   BSA-­‐FITC	   in	   2-­‐mercaptoethanol	   (50	  mM)	  was	   further	   diluted	   by	   a	  
factor	  of	   600	   in	  milliQ	  water	   to	   give	   a	   stock	   solution.	   Fluorescence	  of	   disulphide	   reduced	  
BSA-­‐FITC	  standards	  between	  5.00	  –	  0.60	  ppm	  then	  were	  made.	  
1.2	  mL	  of	  dialysed	  EGCg-­‐AuNPs	  were	  treated	  with	  disulphide	  reduced	  BSA-­‐FITC	  (5.00	  ppm,	  
1.2	  mL).	  Additional	  MilliQ	  water	   (1.2	  mL)	  was	  added	  and	   left	   for	  an	  hour	  away	  from	  light.	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The	  treated	  nanoparticles	  were	  centrifuged	  at	  14500	  rpm	  for	  25	  min	  and	  the	  supernatant	  
was	   taken	   for	   fluorescence	   studies;	   fluorescence	   spectra	   were	   recorded	   at	   room	  
temperature	  (24	  ˚C),	  with	  an	  excitation	  of	  495	  nm	  and	  an	  emission	  of	  520	  nm.	  	  
As	  a	  test	  for	  possible	  fluorescence	  quenching	  or	  enhancing,	  additional	  BSA-­‐FITC	  (5.00	  ppm,	  
0.7	  mL)	  was	  added	  to	  the	  supernatant	  (2.0	  mL)	  in	  the	  cuvette	  after	  the	  initial	  fluorescence	  
data	   collection;	   refer	   to	   appendix	   B	   for	   detailed	   calculation	   and	   quantification	   of	   the	  
concentration	  of	  adsorbed	  BSA-­‐FITC	  on	  EGCg-­‐AuNPs,	  fluorescence	  quenching	  or	  enhancing	  
test,	  amount	  of	  gold	  atoms	  (from	  AAS)	  and	  BSA-­‐FITC	  per	  EGCg-­‐AuNPs;	  refer	  to	  Appendix	  C	  
for	  detailed	  data	  collection	  and	  computation	  of	  results.	  
4.2.3	  Direct	  analysis	  of	  BSA	  and	  EGCg-­‐AuNPs	  interactions	  
4.2.3.1	  Kinetic	  studies	  
Kinetic	  studies	  of	  BSA	  (206	  ppm,	  3.10	  µM)	  and	  dialysed	  EGCg-­‐AuNPs	  (400-­‐6	  µM)	  were	  done	  
via	   fluorescence	  quenching	  method.	  These	  were	  combined	  in	  equal	  volume	  ratio	  to	  give	  a	  
mixture	  of	  BSA	  (1.55	  µM)	  and	  EGCg-­‐AuNPs	  (200-­‐3	  µM),	  which	  was	   left	   for	  an	  hour	  before	  
fluorescence	  studies;	  fluorescence	  spectra	  were	  recorded	  at	  room	  temperature	  (24	  ˚C),	  with	  
an	  excitation	  of	  295	  nm	  and	  an	  emission	  of	  342	  nm;	  refer	  to	  Appendix	  C	  for	  detailed	  data	  
collection	  and	  computation	  of	  dynamic	  constants.	  
4.2.3.2	  Temperature	  dependent	  studies	  
BSA	  (229	  ppm,	  3.44	  µM)	  and	  EGCg-­‐AuNPs	  (80-­‐6	  µM)	  were	  combined	  in	  equal	  volume	  ratio	  
to	  give	  a	  mixture	  of	  BSA	  (1.72	  µM)	  and	  EGCg-­‐AuNPs	  (40-­‐3	  µM),	  which	  was	  left	  for	  an	  hour	  
before	  fluorescence	  temperature	  dependent	  studies;	  temperature	  dependent	  studies	  were	  
made	   using	   an	   internal	   temperature	   control	   in	   the	   spectrofluorimeter	   of	   temperature	  
ranges	  20-­‐60	  ˚C	  with	  an	  increase	  of	  10	  ˚C	  intervals;	  fluorescence	  spectra	  were	  recorded	  with	  
an	  excitation	  of	  295	  nm	  and	  an	  emission	  of	  342	  nm;	  refer	  to	  Appendix	  C	  for	  detailed	  data	  
collection	  and	  computation	  of	  thermodynamic	  parameters.	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4.3	  Results	  and	  Discussion	  
4.3.1	  Indirect	  analysis	  of	  BSA	  bounded	  to	  EGCg-­‐AuNPs	  
The	   binding	   of	   BSA	   to	   EGCg-­‐AuNPs	   was	   beyond	   the	   intrinsic	   fluorescence	   of	   tryptophan	  
residues	   in	   BSA	   thus	   fluorescence	   label	   BSA	   was	   used	   as	   a	   marker	   in	   fluorescence	  
spectroscopy	   to	   determine	   bounded	   BSA-­‐FITC	   per	   EGCg-­‐AuNP.	   The	   addition	   of	   2-­‐
mercaptoethanol	  to	  reduce	  disulphide	  bonds	  in	  BSA	  was	  necessary	  since	  weak	  interactions	  
between	   BSA	   and	   EGCg-­‐AuNPs	   are	   broken	   via	   centrifugation;	   this	   analysis	   was	   shown	  
through	  an	  approximately	  98-­‐102%	  recovery	  of	  BSA	  molecules	  in	  the	  supernatant	  (data	  not	  
provided).	  According	  to	  literature,	  thiols	  have	  greater	  binding	  affinity	  for	  gold	  compared	  to	  
disulphide	   bonds	   [16]	   and	   larger	   thiolated	  molecules	   are	   known	   to	   displace	   smaller	   ones	  
[17].	  Also,	  according	  to	  work	  done	  by	  Terrettaz	  et	  al	   [18],	   the	  presence	  and	  absence	  of	  2-­‐
mercaptoethanol	  had	  minimal	  effect	  on	  the	  binding	  of	  the	  protein,	  outer	  membrane	  protein	  
F	  (OmpF),	  to	  the	  gold	  surface.	  The	  experimental	  flow	  chart	  is	  presented	  in	  Figure	  1.	  
	  
Figure	  1.	  Flow	  diagram	  of	  fluorescence	  experiment	  to	  determine	  the	  BSA	  bounded	  per	  EGCg-­‐AuNPs.	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First,	  BSA-­‐FITC	  was	  synthesis	  and	  characterised	  using	  UV-­‐vis.	  Second,	  dialysed	  EGCg-­‐AuNPs	  
is	   introduced	   with	   BSA-­‐FITC	   for	   binding	   studies.	   Third,	   an	   indirect	   method	   was	   use	   by	  
studying	   unbinded	   BSA-­‐FITC	   molecules	   in	   the	   supernatant	   via	   fluorescene	   spectroscopy.	  
Quench	  testing	  calibration	  on	  the	  supernatant	  was	  necessary	  in	  fluorescence	  spectroscopy	  
to	  take	  account	  of	  any	  remaining	  nanoparticles	  that	  could	  potentially	  quench	  the	  signal.	  
Using	  UV-­‐visible	  BSA	  standards	  and	  calibrating	  BSA-­‐FITC	  absorbance	  with	  respect	  to	  pristine	  
FITC,	   the	   concentration	   of	   BSA	   in	   BSA-­‐FITC	   was	   7550	   ppm	   assuming	   that	   the	   extinction	  
coefficient	  of	  BSA	  at	  pH	  7.4	  is	  44	  000	  M-­‐1	  cm-­‐1.	  Using	  the	  concentration	  of	  BSA	  and	  FITC	  in	  
BSA-­‐FITC,	   the	   labeling	   ratio	  was	  2.25	   FITC	  per	  BSA	  molecule	   assuming	   that	   the	  extinction	  
coefficient	  of	  FITC	  at	  pH	  7.4	  is	  63	  000	  M-­‐1	  cm-­‐1.	  
The	   number	   of	   BSA	   molecules	   per	   EGCg-­‐AuNP	   1G(1:1),	   1G(1:  !!),	   1G(1:  !!)	   and	   alt-­‐1G(1:1)	  
were	   then	   determined	   by	   the	   following	   combined	   spectroscopy	   techniques	   –	   DLS	   for	  
nanoparticle	  cluster	  radii,	  TEM	  for	  nanoparticle	  radii,	  AAS	  for	  gold	  content	  and	  fluorescence	  
for	  concentration	  of	  BSA-­‐FITC	  lost	  due	  to	  binding	  to	  nanoparticles.	  	  
By	  observing	   the	   concentration	  of	  adsorbed	   thiolated	  BSA-­‐FITC	  per	  NP	  concentration,	   the	  
relative	   strength	   of	   BSA	   absorption,	   shown	   in	  Table	   1,	   are	   0.156,	   1.66,	   2.29	   and	   1.79	   for	  
1G(1:1),	  1G(1:  !!),	  1G(1:  !!)	  and	  alt-­‐1G(1:1);	  for	  detailed	  calculations	  refer	  to	  Appendix	  B	  and	  
C.	  
	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	   alt-­‐1G(1:1)	  
DLS	  radii,	  nm	   146	   32.7	   23.2	   58.0	  
TEM	  radii,	  nm	   7.95	   7.16	   6.81	   26.3	  
[BSA-­‐FITC]	  adsorbed	  per	  
[Au]	  in	  NP,	  ppm/mM	  
0.156	   1.66	   2.29	   1.79	  
Thiolated	  BSA-­‐FITC	  per	  NP	   1.45	   11.2	   13.3	   598	  
BSA-­‐FITC	  molecule	  per	  nm2	  
of	  surface	  area	  NP	  
184000	   1200	   508	   70.7	  
Table	  1.	  Assuming	  that	  gold	  radii	  =	  144	  pm,	  and	  the	  packing	  factor	  is	  FCC	  =	  0.74	  efficiency	  
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
 
101 
Chapter	  4	   	  
These	  results	  indicate	  that	  1G(1:  !!)	  would	  likely	  to	  adsorb	  the	  most	  thiolated	  proteins	  while	  
1G(1:1)	  would	   adsorb	   the	   least.	   A	  more	  detailed	   analysis	  would	  be	   the	   calculation	  of	   the	  
amount	  of	   thiolated	  BSA-­‐FITC	  bound	  per	  EGCg-­‐AuNPs,	  which	  are	  1.45,	  11.2,	  13.3	  and	  598	  
for	  1G(1:1),	  1G(1:  !!),	  1G(1:  !!)	  and	  alt-­‐1G(1:1).	  If	  it	  is	  assumed	  that	  the	  DLS	  radii	  is	  clusters	  of	  
EGCg-­‐AuNPs	  being	  interacted	  together	  by	  EGCg	  (as	  indicative	  of	  the	  DLS	  radii	  and	  TEM	  radii	  
proportions),	  the	  greater	  the	  nanoparticle	  cluster	  size	  would	  mean	  less	  exposure	  of	  the	  gold	  
surface	   for	   S-­‐Au	  binding.	   As	  more	   comparative	   view,	   the	   relative	   numbers	   thiolated	  BSA-­‐
FITC	  in	  a	  fix	  surface	  area	  of	  nanoparticle	  cluster	  are	  tabulated	  in	  Table	  2.	  
	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	   alt-­‐1G(1:1)	  
Relative	  numbers	  of	  
thiolated	  BSA-­‐FITC	  in	  a	  fix	  
surface	  area	  of	  NP	  cluster	  
0.220	   0.512	   0.524	   1.00	  
Table	  2.	  Relative	  numbers	  were	  used	  due	  to	  the	  fact	  that	  the	  packing	  factor	  of	  NPs	  into	  clusters	  are	  not	  known.	  
These	  numbers	  are	  relative	  to	  alt-­‐1G(1:1)	  due	  the	  system	  having	  the	  most	  concentration	  of	  
BSA	  on	   the	  clusters.	  Because	  alt-­‐1G(1:1)	   is	  of	  a	  different	   system	  with	   larger	  particle	   sizes,	  
morphology	   and	   dispersity	   (and	   perhaps	   with	   a	   different	   packing	   factor	   of	   NPs	   forming	  
clusters)	  it	  is	  difficult	  to	  compare	  with	  the	  other	  1G	  systems.	  As	  an	  example,	  a	  study	  done	  by	  
Deng	  et	  al	  [19]	  showed	  that	  12	  nm	  nanoparticles	  bind	  to	  fibrinogen	  with	  higher	  affinity	  than	  
7	  nm	  nanoparticles.	  	  
The	  results	  from	  comparing	  1G(1:1),	  1G(1:  !!)	  and	  1G(1:  !!)	  indicate	  that	  1G(1:  !!)	  ≳	  1G(1:  !!)	  >	  
1G(1:1)	  in	  terms	  of	  BSA	  binding	  on	  the	  clusters.	  A	  likely	  hypothesis	  is	  due	  to	  the	  amount	  of	  
EGCg	  on	  the	  surface	  preventing	  the	  formation	  of	  S-­‐Au	  bonds	  –	  This	  assumption	  was	  made	  
based	  on	  the	  fact	  that	  dialysis	  did	  not	  change	  the	  UV-­‐vis	  spectra	  of	  1G(1:  !!)	  and	  1G(1:  !!),	  and	  
that	   1G(1:1)	   would	   have	   achieved	   the	   most	   saturated	   surface.	   Other	   factors	   could	   be	  
thickness	  and	  assembly	  of	  EGCg	  layers	  [20],	  and	  the	  ability	  of	  BSA	  to	  occupy	  the	  surface	  –	  
curve	  surfaces	  provide	  more	  flexibility	  and	  tend	  to	  affect	  secondary	  structures	  [21,	  22].	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4.3.2	  Direct	  analysis	  of	  BSA	  and	  EGCg-­‐AuNPs	  interactions	  
4.3.2.1	  Apparent	  Dissociation	  Constant	  
When	   introducing	   different	   amounts	   of	   EGCg-­‐AuNPs	   to	   BSA,	   several	   binding	   interactions	  
take	  place	  resulting	  in	  fluorescence	  quenching	  of	  tryptophan	  residues.	  The	  strength	  of	  these	  
binding	  interactions	  depends	  on	  the	  binding	  affinity,	  number	  of	  binding	  sites	  and	  the	  nature	  
of	  binding,	  and	  the	  temperature.	  Thus,	  to	  determine	  the	  apparent	  dissociation	  constant,	  a	  
few	  assumptions	  and	  simplifications	  have	  to	  be	  made.	  Given	  the	  equilibrium	  equation:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐸𝐴𝑢𝑁𝑃 + 𝐵𝑆𝐴 ⇋ (𝐸𝐴𝑢𝑁𝑃 + 𝐵𝑆𝐴  )!"#$%&'	  	   	   	   	   (1)	  
two	  equations	  can	  be	  form	  with	  the	  assumption	  that	  the	  binding	  between	  EGCg-­‐AuNPs	  and	  
BSA	  is	  a	  one-­‐site	  specific	  binding.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐾! =    !"#$% !"##∙[!"#]!"##[!"#$%!!"#  ]!"#$%&' 	  	   	   	   	   	   (2)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [𝐵𝑆𝐴]!"#$% = 𝐵𝑆𝐴 !"## + [𝐸𝐴𝑢𝑁𝑃 + 𝐵𝑆𝐴  ]!"#$%&'	   	   	   (3)	  
where	  KD	  is	  the	  apparent	  dissociation	  constant	  which	  takes	  to	  account	  of	  both	  dynamic	  and	  
static	  quenching.	  This	  value	   is	  also	   the	  concentration	  at	  which	  percentage	  quench	   (%Q)	   is	  
50%	  of	  its	  maximum.	  Combining	  both	  equation	  (2)	  and	  (3),	  they	  can	  be	  rearrange	  to	  give:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [!"#$%!!"#  ]!"#$%&'[!"#]!"#$% = [!"#$%]!"##!!![!"#$%]!"##	   	   	   	   (4)	  
In	  most	  cases,	  the	  %Q	  is	  directly	  proportional	  to	  the	  amount	  of	  complex	  form.	  Thus,	  it	  can	  
also	  be	  said	  that	  at	  high	  concentrations	  of	  [Quencher]	  (much	  greater	  than	  the	  total	  amount	  
of	  [Fluorophore]Total)	  the	  amount	  of	  free	  [Fluorophore]Free	  is	  approximately	  zero;	  if	  so,	  then	  
all	   [Fluorophore]Total	   is	   in	   complex	   form	  giving	   the	  highest	  quenchable	   limit	  at	  %QMax.	  The	  
equation	  relation	  is	  shown	  below:	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  [!"#$%!!"#!]!"#$%&'[!"#]!"#$% = %!%!!"#	   	   	   	   	   (5)	  
Substituting	  equation	  (5)	  into	  (4)	  would	  give	  the	  equation:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  %𝑄 = %𝑄!"# ∙ [!"#$%]!"##!!![!"#$%]!"##	  	   	   	   	   	   (6)	  
Because	   the	   concentration	   free	   [Quencher]Free	   is	   difficult	   to	   determine,	   the	   experimental	  
condition	  set	  up	  for	  simplification	  is	  that	  the	  total	  concentration	  of	  [Quencher]Total	  has	  to	  be	  
much	  greater	  than	  that	  of	  the	  concentration	  of	  [Fluorophore]Total,	  hence	  also	  much	  greater	  
than	   the	   concentration	   of	   complex.	   This	   simplification	   allows	   for	   [Quencher]Free	   ≃	  
[Quencher]Total,	  thus	  the	  final	  equation	  is:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  %𝑄 = %𝑄!"# ∙ [!"#$%]!"#$%!!![!"#$%]!"#$%	  	   	   	   	   	   (7)	  
Using	  this	  equation	  as	  the	  basis	  of	  best	  fit	  non-­‐linear	  regression	  (GraphPad	  Prism	  5.02),	  the	  
values	  of	  KD	  are	  given	  in	  Table	  3.	  
Apparent	  dissociation	  constant	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	   A-­‐1G(1:1)	  
KD,	  µM	   13.64	   22.56	   20.56	   37.71	  
Table	  3.	  Apparent	  dissociation	  constant,	  KD,	  of	  EGCg-­‐AuNPs	  
These	   values	   indicate	   that	   1G(1:1)	   >	   1G(1:   !!)	   >	   1G(1:   !!)	   >	   alt-­‐1G(1:1)	   in	   fluorescence	  
quenching	  and	  binding	  strength.	  The	  overall	  %Q	  and	  [EAuNP]T	  is	  plotted	  below	  in	  Figure	  2.	  
	  
Figure	  2.	  %Q	  in	  relation	  to	  added	  concentration	  [EGCg-­‐AuNP]	  and	  best	  fitted	  using	  equation	  (7).	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4.3.2.2	  Stern-­‐Volmer	  Constants	  
Fluorescence	  quenching	  can	  either	  be	  static	  or	  dynamic	  and	  is	  govern	  by	  the	  Stern	  Volmer	  
equation,	  which	  provides	  information	  on	  the	  nature	  of	  the	  quenching.	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  !!! = 1 + 𝐾!" 𝑄 	   	   	   	   	   	   	   (8)	  
where	  I0	  is	  the	  fluorescence	  intensity	  without	  a	  quencher,	  I	  is	  the	  fluorescence	  intensity,	  [Q]	  
is	   the	  quencher	  concentration	  and	  KSV	   is	   the	  Stern-­‐Volmer	  quenching	  constant.	  The	  Stern-­‐
Volmer	  plot,	  as	  shown	  in	  Figure	  3,	  shows	  that	  1G(1:1),	  1G(1:  !!)	  and	  1G(1:  !!)	  occur	  to	  have	  
simultaneous	   static	   and	   dynamic	   quenching	   due	   to	   a	   positive	   deviation	   from	   linearity,	  
whereas	  the	   linear	  plot	   for	  alt-­‐1G(1:1)	   indicates	  the	  presence	  of	  only	  one	  quenching	  type.	  
The	  KSV	  value	  for	  alt-­‐1G(1:1)	  can	  be	  worked	  out	  from	  least-­‐square	  fit	  using	  equation	  (8)	  to	  
give	  45965	  M-­‐1.	  
	  
Figure	  3.	  Stern	  Volmer	  plot	  showing	  the	  characteristic	  upward	  curve	  of	  the	  combination	  of	  static	  and	  dynamic	  
quenching.	  The	  linear	  plot	  of	  alt-­‐1G(1:1)	  has	  a	  KSV	  value	  of	  45965	  M
-­‐1.	  
Because	   of	   the	   presence	   of	   both	   static	   and	   dynamic	   quenching	   in	   1G(1:1),	   1G(1:  !!)	   and	  
1G(1:  !!),	   the	   Stern-­‐Volmer	   equation	   can	   be	   extended	   to	   include	   both	   static	   and	   dynamic	  
quenching	  constants.	  This	  method	  however,	  led	  to	  a	  quadratic	  equation	  with	  no	  real	  roots;	  
refer	  to	  appendix	  C	  for	  details.	  Hence,	  it	  is	  probable	  that	  1G(1:1),	  1G(1:  !!)	  and	  1G(1:  !!)	  have	  
no	   ground-­‐state	   complex	   formation,	   instead,	   static	   quenching	   by	   sphere	   of	   action	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quenching	   is	   more	   likely.	   According	   to	   this	   model,	   static	   quenching	   occurs	   when	   the	  
quencher	  is	  in	  close	  proximity	  to	  the	  fluorophore	  at	  the	  moment	  of	  excitation.	  The	  sphere	  of	  
action	  model	  is	  given	  as:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  !!! = (1 + 𝐾!" 𝑄 )𝑒![!]	   	   	   	   	   	   (9)	  
where	   V	   is	   the	   static	   quenching	   constant	   representing	   an	   active	   volume	   around	   the	  
flourophore.	   When	   a	   quencher	   happens	   to	   reside	   within	   this	   volume,	   instantaneous	  
quenching	  occurs	  [23].	  The	  volume	  of	  this	  action	  is	  given	  by:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑉 = !!𝜋𝑟!𝑁	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (10)	  
where	  r	   is	  the	  radius	  kinetic	  distance	  of	  sphere	  of	  action	  and	  N	  is	  the	  Avogadro’s	  number.	  
Because	   of	   the	   simultaneous	   static	   and	   dynamic	   quenching	   leading	   to	   non-­‐linearity,	  
equation	  (9)	  can	  be	  rearrange	  to	  form	  a	  more	  linear	  relation	  according	  to	  Al-­‐Kady	  et	  al	  [24]	  
to	  give:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  !!(!/!!)[!] = 𝐾!" !!! + !!![!] 	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (11)	  
where	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑊 = 𝑒!![!]	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (12)	  
From	  equation	  11,	  {1-­‐(I/I0)}/[EAuNP]	  was	  plotted	  against	  (I/I0)	  to	  obtained	  the	  Stern-­‐Volmer	  
constant,	  KSV,	  (see	  Table	  4)	  by	  determining	  the	  slope	  from	  least-­‐square	  fit	  method,	  as	  shown	  
in	  Figure	  4.	  	  
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
 
106 
Chapter	  4	   	  
	  
Figure	  4.	  Plots	  of	  {1-­‐(I/I0)}/[EAuNP]	  against	  (I/I0)	  for	  EGCg-­‐AuNPs	  in	  BSA.	  
The	  intercept	  was	  then	  used	  to	  calculate	  the	  values	  for	  W	  for	  each	  quencher	  concentration;	  
refer	   to	   Appendix	   C	   for	   details.	   From	   the	   values	   of	   W	   calculated,	   the	   static	   quencher	  
constant	  V	  was	  obtained	  by	  determining	  the	  slope	  of	  the	  modified	  version	  of	  equation	  (12),	  
which	  is:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ln𝑊 = −𝑉[𝑄]	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (13)	  
This	   procedure	   is	   shown	   in	   Figure	   5.	   The	   values	   of	   V	   were	   then	   used	   to	   calculate	   the	  
effective	  quenching	  radii,	  as	  shown	  in	  Table	  4.	  
	  
Figure	  5.	  Plots	  from	  equation	  (13),	  ln	  W	  against	  [EAuNP]	  for	  EGCg-­‐AuNPs	  in	  BSA	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Sphere	  of	  action	  method*	   1G(1:1)*	   1G(1:  𝟏𝟐)*	   1G(1:  𝟏𝟑)*	   alt-­‐1G(1:1)	  
KSV,	  (x104	  M-­‐1)	   5.30	   5.01	   5.80	   4.60	  
Kinetic	  distance,	  r,	  (nm)	   20.1	   17.4	   15.4	   -­‐	  
Table	  4.	  Quenching	  parameters	  of	  EGCg-­‐AuNPs	  in	  BSA	  
The	   KSV	   values	   for	   sphere	   of	   action	   correspond	   to	   the	   strength	   of	   dynamic	   quenching	   in	  
which	  1G(1:  !!)	  >	  1G(1:1)	  >	  1G(1:  !!);	  the	  kinetic	  distance	  corresponds	  to	  the	  static	  quenching	  
strength	   in	   which	   1G(1:1)	   >	   1G(1:   !!)	   >	   1G(1:   !!).	   The	   combination	   of	   these	   quenching	  
strengths	  can	  be	  closely	  related	  to	  the	  apparent	  binding	  constants,	  KB	  in	  Table	  5.	  
4.3.2.4	  Temperature-­‐dependent	  Stern-­‐Volmer	  plot	  studies	  
Both	   static	   and	   dynamic	   quenching	   can	   be	   determined	   by	   their	   dependence	   on	  
temperature.	   As	   shown	   for	   all	   optimised	   EGCg-­‐AuNPs	   in	   BSA,	   the	   Stern-­‐Volmer	   plot	  
decreases	   with	   temperature	   showing	   that	   the	   nature	   of	   the	   quenching	   is	   predominantly	  
static	   (see	   Figure	   6);	   refer	   to	   Appendix	   C	   for	   temperature-­‐dependent	   plots	   of	   1G(1:  !!),	  
1G(1:  !!)	  and	  alt-­‐1G(1:1).	  
	  
Figure	  6.	  Temperature-­‐dependent	  Stern-­‐Volmer	  plot	  of	  1G(1:1)	  in	  BSA	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Using	  a	  variation	  of	  equation	  (1),	  the	  apparent	  binding	  constant	  can	  be	  described	  as:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐾! =    [!"#$!!!!"#]!"#$%&'[!"#$%]!"##! ∙[!"#]!"##	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (14)	  
Combining	  both	  equation	  (2)	  and	  (14)	  would	  give	  the	  following:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   !"# !"#$%!"# !"## = 𝐾! ∙ [𝐸𝐴𝑢𝑁𝑃]!"##! + 1	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (15)	  
Compared	  to	  equation	  (5),	  where	  %Q	  is	  related	  to	  formation	  of	  [EAuNP+BSA]	  complex,	  the	  
fluorescence	  measured	  can	  then	  also	  be	  related	  to	  total	  amount	  of	  free	  [BSA].	  The	  equation	  
can	  now	  be	  rewritten	  to	  give:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  log!" !!! − 1   = log!" 𝐾! + n ∙ log!"[𝐸𝐴𝑢𝑁𝑃]!"#$%   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (16)	  
This	  equation	  describes	  the	  number	  of	  binding	  sites	  that	  BSA	  offers	  to	  the	  EGCg-­‐AuNPs,	  and	  
also	   the	   binding	   strength	   as	   described	   through	   the	   apparent	   binding	   constant,	   KB.	   The	  
values	   of	   n,	   as	   shown	   in	   Table	   5,	   in	   experimental	   temperature	   ranges	   were	   all	   slightly	  
greater	  than	  one.	  This	   is	  because	  KB	  also	  takes	  to	  account	  of	  dynamic	  quenching,	  which	  in	  
this	  case	  is	  not	  predominant;	  hence	  the	  n	  values	  should	  only	  be	  slightly	  lower,	  indicative	  of	  a	  
single	   site	   binding	   on	   BSA	   for	   EGCg-­‐AuNPs	   to	   bind	   on.	   The	   apparent	   binding	   constant	   is	  
inversely	   proportional	   to	   the	   apparent	   dissociation	   constant.	   Although	   for	   the	   case	   of	   KD	  
calculated,	   it	   is	   assumed	   that	   n	   =	   1	   and	   that	   also	   EGCg	   binding	   sites	   for	   BSA	   is	   also	   1.	  
Additionally,	   KB	   is	   shown	   to	   decrease	   as	   temperature	   increases.	   This	   decrease	   in	   binding	  
affinity	  is	  indicative	  of	  predominantly	  static	  quenching	  as	  also	  shown	  in	  the	  decrease	  slope	  
values	  with	  increasing	  temperature	  (Figure	  6).	  
If	  given	  that	  the	  change	  in	  enthalpy	  (∆H˚)	  does	  not	  vary	  over	  the	  range	  of	  the	  temperature	  
studied,	  then	  the	   interaction	  forces	  governing	  this	  binding	  between	  BSA	  and	  EGCg-­‐AuNPs,	  
and	  their	  thermodynamic	  parameters	  can	  be	  calculated	  using	  the	  vant	  Hoff	  equation	  [25]:	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  𝑙𝑛  𝐾! =   !!!!! !! + !!!! 	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (17)	  
where	  T	   is	  the	  temperature	   in	  Kelvins,	  ∆S˚	   is	  the	  change	   in	  entropy,	  R	   is	  the	  gas	  constant.	  
From	  equation	  17,	  ln	  KB	  was	  plotted	  against	  1/T	  and	  ∆H˚	  and	  ∆S˚	  were	  determined	  from	  the	  
slope	  and	   intercept	   respectively	   (see	  Table	  5).	  The	  Gibbs	   free	  energy	   (∆G˚)	  was	  estimated	  
from	  the	  following	  equation:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Δ𝐺! =   Δ𝐻! − 𝑇ΔS!	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (18)	  
According	   to	   the	   change	  of	   enthalpy	   and	  entropy,	   the	   interaction	  between	  quencher	   and	  
flurophore	  can	  be	  summarised	  as	  being	  predominantly	  hydrophobic	  (∆H˚	  >	  0	  and	  ∆S˚	  >	  0),	  
electrostatic	  (∆H˚	  <	  0	  and	  ∆S˚	  >	  0)	  or	  a	  combination	  of	  van	  der	  Waals	  and	  hydrogen	  bonding	  
(∆H˚	  <	  0	  and	  ∆S˚	  <	  0)	  	  [26].	  
As	  shown	  in	  Table	  5,	  all	  binding	  between	  BSA	  and	  EGCg-­‐AuNPs	  happen	  spontaneously	  in	  the	  
experimental	   temperature	  ranges	  as	   indicated	   from	  the	  Gibbs	   free	  energy	  being	  negative.	  
The	   negative	   values	   of	   ∆H˚	   and	   ∆S˚	   indicate	   that	   at	   temperatures	   above	   30	   ˚C,	   the	  
combination	   of	   van	   der	   Waals	   interaction	   and	   hydrogen	   bonding	   governs	   the	   binding	  
interactions	  between	  EGCg-­‐AuNPs	  and	  BSA.	  At	  temperatures	  20	  ˚C	  and	  lower,	  hydrophobic	  
interactions	  between	  EGCg-­‐AuNPs	  and	  BSA	  are	  dominant.	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1G(1:1)	   20˚C	   30˚C	   40˚C	   50˚C	   60˚C	  
Binding	  Constant,	  K	  (x	  
106	  M-­‐1)	  
30.6	   124	   49.9	   11.1	   3.96	  
No.	  Binding	  sites,	  n	   1.51	   1.65	   1.57	   1.45	   1.37	  
∆H,	  KJ/mol	   +ve	   -­‐18.6	  
∆S,	  J/mol	   +ve	   -­‐29.5	  
∆G,	  KJ/mol	   -­‐ve	   -­‐9.62	   -­‐9.32	   -­‐9.03	   -­‐8.73	  
	  
1G(1:  𝟏𝟐)	   20˚C	   30˚C	   40˚C	   50˚C	   60˚C	  
Binding	  Constant,	  K	  (x	  
106	  M-­‐1)	  
5.04	   16.0	   8.55	   1.56	   0.836	  
No.	  Binding	  sites,	  n	   1.37	   1.49	   1.44	   1.29	   1.25	  
∆H,	  KJ/mol	   +ve	   -­‐16.5	  
∆S,	  J/mol	   +ve	   -­‐25.8	  
∆G,	  KJ/mol	   -­‐ve	   -­‐8.69	   -­‐8.46	   -­‐8.18	   -­‐7.92	  
	  
1G(1:  𝟏𝟑)	   20˚C	   30˚C	   40˚C	   50˚C	   60˚C	  
Binding	  Constant,	  K	  (x	  
106	  M-­‐1)	  
1.90	   4.39	   2.79	   1.02	   0.635	  
No.	  Binding	  sites,	  n	   1.28	   1.37	   1.34	   1.26	   1.24	  
∆H,	  KJ/mol	   +ve	   -­‐8.66	  
∆S,	  J/mol	   +ve	   -­‐2.28	  
∆G,	  KJ/mol	   +ve	   -­‐7.97	   -­‐7.95	   -­‐7.93	   -­‐7.90	  
	  
Table	  5.	  Binding	  constant,	  binding	  sites	  and	  thermodynamic	  parameters	  of	  BSA	  –	  EGCg-­‐AuNPs	  interactions	  
4.4	  Conclusions	  
Both	  indirect	  and	  direct	  studies	  on	  binding	  interactions	  seem	  to	  show	  contradicting	  results.	  
However,	  this	  may	  not	  be	  the	  case	  due	  to	  indirect	  analysis	  having	  thiolated	  BSA	  molecules,	  
which	   in	   turn	   changes	   binding	   properties.	   The	   indirect	   analysis	   disregards	   surface	  
functionalities	  on	  EGCg-­‐AuNPs	  only	  binding	  to	  bare	  gold	  surfaces.	  This	  was	  shown	  through	  
centrifugation	   forces	   being	   enough	   to	   break	   the	   interactions	   between	   conjugated	   EGCg	  
molecules	   on	   gold	   and	   BSA	  molecules.	   Thus,	   the	   analysis	   could	   suggest	   that	   the	   surface	  
exposure	  for	  thiolated	  BSA-­‐FITC	  to	  bind	  to	  gold	  surfaces	   is	  as	  follows	  1G(1:  !!)	  ≳	  1G(1:  !!)	  >	  
1G(1:1).	  This	  would	  be	  in	  agreement	  with	  synthesis	  conditions	  and	  UV-­‐vis	  spectra	  of	  purified	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EGCg-­‐AuNPs.	   Thus	   it	   can	   be	   hypothesised	   that	   the	   thickness	   and	   assembly	   of	   EGCg	  
molecules	   on	   gold	   play	   a	   role	   of	   gold	   surface	   exposure,	   in	   which	   1G(1:1)	   has	   the	   most	  
coverage	   of	   gold	   surface	   compared	   to	   1G(1:  !!)	   and	   1G(1:  !!)	  which	   are	   almost	   equivalent.	  
This	   interaction	   is	   important	   to	   understand	   since	   in	   reducing	   environments,	   disulphide	  
bonds	  can	  be	  reduced	  to	  thiols	  in	  biological	  environments	  [27].	  
The	  direct	  analysis	  of	  EGCg-­‐AuNPs	  and	  BSA	  through	  fluorescence	  quenching	  involves	  more	  
of	   the	   interactions	  between	   the	  EGCg	  molecules	  on	  gold	  and	  BSA	  molecules.	   The	  general	  
trend	  seen	   in	   the	  strength	  of	   interactions	  with	  BSA	  are	  1G(1:1)	  >	  1G(1:  !!)	  >	  1G(1:  !!)	  >	  alt-­‐
1G(1:1),	   in	   which	   all	   except	   for	   alt-­‐1G(1:1)	   act	   as	   simultaneous	   static	   and	   dynamic	  
quenchers.	   All	   EGCg-­‐AuNPs	   are	   predominantly	   static	   quenchers	   of	   BSA,	   and	   the	   binding	  
interactions	  happen	  spontaneously.	  For	  BSA	  interactions	  for	  1G(1:1),	  1G(1:  !!)	  and	  1G(1:  !!)	  at	  
temperatures	  30	  ˚C	  and	  higher,	  van	  der	  Waals	  and	  hydrogen	  bonding	  are	  dominant	  and	  at	  
temperatures	  20	  ˚C	  and	  lower,	  hydrophobic	  interactions	  are	  dominant.	  
Overall,	  this	  chapter	  has	  shown	  positive	  interactions	  between	  EGCg-­‐AuNPs	  and	  BSA	  in	  which	  
adsorbed	  BSA	  is	  known	  to	  suppress	  immune	  responses	  and	  assist	  nanoparticle	  uptake	  [14,	  
15].	  The	   interaction	   is	  also	  not	  overly	  uncontrolled,	  due	  to	  a	  single	  binding	  site	  on	  BSA	  to	  
EGCg-­‐AuNPs,	  thus	  also	  an	  indicator	  of	  toxicity	  level	  and	  overall	  protein	  binding.	  Additionally,	  
protein	  absorption	  also	  indicates	  that	  there	  is	  specificity	  of	  localising	  to	  a	  desire	  target	  site.	  
There	  is	  a	  need,	  however,	  for	  studies	  on	  protein	  competition	  binding	  kinetics	  to	  determine	  
the	  actually	  protein	  corona	  hence	  predicting	  cellular	   responses.	  There	   is	  also	  a	  need	   for	  a	  
more	  direct	  approach	  that	   is,	   studies	  within	  biological	  environments	  and	  cell	   lines	  both	   in	  
vitro	  and	  in	  vivo	  for	  the	  effectiveness	  of	  EGCg-­‐AuNPs	  as	  an	  anti-­‐cancer	  agent.	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Chapter	  5	  
Cellular	  uptake	  and	  Gene	  expression	  Studies	  
	  
This	  chapter	  focuses	  on	  cellular	  gold	  uptake	  and	  the	  gene	  expression	  studies	  of	  EGCg-­‐AuNPs	  
in	   MDA-­‐MB-­‐231	   breast	   cancer	   cells.	   Cellular	   gold	   uptake	   and	   with	   an	   addition	   of	   EGCg,	  
synergised	  various	   synthesises	  of	   EGCg-­‐AuNP	  uptake	   in	   cells.	   PCR	   studies	  on	  a	  number	  of	  
genes	   were	   studied	   indicating	   that	   EGCg-­‐AuNPs	   of	   the	   same	   concentration	   with	   pristine	  
EGCg	   is	   more	   effective	   in	   down	   regulating	   cellular	   migration	   and	   cancer	   invasion	   genes,	  
suggesting	  that	  EGCg	  may	  serve	  as	  a	  potential	  anti-­‐cancer	  agent.	  
	  
	  
	  
	  
	  
	  
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
 
115 
Chapter	  5	   	  
5.1	  Introduction	  
Cancer	   is	  a	   leading	  worldwide	  cause	  of	  death.	   In	  cancer,	   cells	  do	  not	  undergo	   regular	  cell	  
death	  called	  apoptosis,	  but	  instead	  have	  prolonged	  life	  becoming	  malignant	  with	  abnormal	  
cell	   growth	   and	   invading	   nearby	   areas	   of	   the	   body.	   This	   process	   of	   cellular	   spreading	   is	  
known	  as	  cancer	  invasion	  and	  is	  initiated	  and	  maintained	  by	  signaling	  pathways	  that	  control	  
cellular	   cytoskeletal	   dynamics	   in	   cancer	   cells	   and	   cell-­‐cell	   interactions	   leading	   to	   cell	  
migration	  into	  adjacent	  tissue.	  Cellular	  migration	  to	  distant	  locations	  is	  a	  hallmark	  of	  cancer	  
progression.	  	  
Epidemiological	   studies	   provide	   compelling	   evidence	   that	   certain	   natural	   phytochemicals	  
possess	  high	  cancer	  therapeutic	  or	  chemo-­‐preventive	  properties.	  EGCg	  is	  known	  to	  bind	  to	  
cell	   surface	   proteins	   such	   as	   67	   kDa	   Laminin	   Receptor	   (67	   LR)	   [1].	   These	   receptors	   are	  
essential	  for	  cell	  adhesion	  and	  signal	  transduction.	  In	  breast	  cancer	  cells,	  these	  proteins	  are	  
overly	   expressed.	   Additionally,	   EGCg	   has	   been	   reported	   to	   possess	   excellent	   anticancer	  
activity	   and	   shows	   pleiotropic	   (multiple)	   effects	   in	   different	   cells	   types	   [2].	   Because	   the	  
introduction	  of	   therapeutic	  agents	   to	  cancer	  cells	   causes	  changes	   in	  gene	  expression,	   it	   is	  
important	   to	   understand	   the	   mechanism	   of	   cellular	   responses	   to	   different	   therapeutic	  
agents	  including	  natural	  phytochemicals.  
In	   certain	   cases,	   the	   bioavailability	   of	   therapeutic	   agents	   is	   limited	   either	   due	   to	   poor	  
solubility	   and/or	   stability	   in	   the	   aqueous	   environment	  which	   necessitates	   that	   the	   higher	  
dosages	  to	  be	  administered	  for	  adequate	  therapeutic	  (toxicity)	  profiles	  [3,	  4].	  	  	  
Gold	  nanoparticles,	   known	   for	   its	   low	   reactivity	   and	  high	  biocompatibility	  profiles	   [5],	   are	  
known	  to	  offer	  a	  more	  targeted	  approach	  while	  increasing	  overall	  drug	  solubility	  [6].	  As	  an	  
example,	   a	   study	   comparing	   the	   administration	   of	   pristine	   methrexate	   (MTX)	   with	   MTX	  
conjugated	  gold	  nanoparticles	  on	  mouse	  models	  of	  Lewis	  lung	  carcinoma	  showed	  that	  equal	  
doses	  of	  pristine	  MTX	  had	  no	  antitumor	  effect	  [7].	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From	   the	   previous	   chapter,	   protein	   interactions	   between	   optimised	   EGCg-­‐AuNPs	   were	  
studied	  and	  were	  shown	  to	  exhibit	  some	  binding	  of	  proteins.	  In	  this	  chapter,	  in	  vitro	  studies	  
on	  cellular	  uptake	  were	  investigated	  to	  further	  extend	  our	  understanding	  on	  protein	  corona	  
and	   the	   localising	   of	   nanoparticles.	   Additionally,	   although	   gold	   nanoparticles	   coated	  with	  
EGCg	  has	  been	  shown	  to	  offer	  a	  more	  tumour-­‐targeted	  approach	  towards	  over-­‐expressed	  
67	  LR	  in	  solid	  tumours	  [8,	  9]	  the	  role	  in	  cellular	  migration	  and	  cancer	  invasion	  has	  not	  been	  
studied.	  
Herein,	   the	  optimised	   EGCg-­‐AuNPs	   are	   studied	   for	   cellular	   uptake	   in	  MDA-­‐MB-­‐231	  breast	  
cancer	   cells.	   Also,	   gene	   expression	   related	   to	   cancer	   invasion	   and	   migration	   are	   studied	  
through	  the	  comparison	  of	  pristine	  EGCg	  and	  optimised	  EGCg-­‐AuNPs.	  	  
	  
5.2	  Experimental	  Section	  
5.2.1	  General	  Procedure	  
Epigallocatechin-­‐3-­‐gallate	   (EGCg),	   chloroform,	  2-­‐propanol	   (for	  molecular	  biology,	   ≥	   99.5%)	  
and	   absolute	   ethanol	   (for	   HPLC,	   ≥	   99.8%)	   were	   purchased	   from	   Sigma-­‐Aldrich	   (USA).	  
Phosphate-­‐buffered	   saline	   (PBSX1	   and	   X10,	   pH	   7.4),	   TRIzol	   Reagent,	   Dulbecco’s	  Modified	  
Eagle’s	  Medium	  (DMEM,	  with	  phenol	  red,	  high	  glucose	  and	  L-­‐glutamine),	  fetal	  bovine	  serum	  
(FBS),	  Penicillin-­‐Streptomycin	  (Pen-­‐Strep),	  TrypLE,	  RNase	  AWAY	  decontamination	  agent	  and	  
nuclease-­‐free	  water	  were	   purchased	   from	   Life	   Technologies.	  High	  Capacity	   cDNA	  Reverse	  
Transcription	   Kit,	   PCR	   fast	   reaction	   tubes,	   TaqMan	   Universal	   PCR	   Master	   Mix	   and	   pre-­‐
designed	   TaqMan	   assay	   primers/fluorescent	   probes	   were	   purchased	   from	   Applied	  
Biosystems.	   MDA-­‐MB-­‐231	   was	   purchased	   from	   American	   Type	   Culture	   Collection	   (ATCC)	  
and	  DEPC-­‐treated	  water	  was	  purchased	  from	  Bio-­‐rad.	  
High	  Capacity	  cDNA	  Reverse	  Transcription	  Kit	  contains	  10X	  RT	  Buffer	  (1	  mL),	  10X	  RT	  Random	  
Primers	  (1	  mL),	  25X	  dNTP	  Mix	  (0.2	  mL,	  100	  mM),	  and	  MultiScribe	  Reverse	  Transcriptase	  (0.2	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mL,	   50	   U/µL).	   Pre-­‐designed	   TaqMan	   assay	   primers/fluorescent	   probes	   used	   are	   vascular	  
endothelial	   growth	   factor	  A	   (VEGF-­‐A),	  matrix	  metalloproteinase-­‐2	   (MMP-­‐2),	   vinculin	   (VCL)	  
and	  18S	  ribosomal	  RNA	  (18S).	  	  
Ethanol	   (75%)	  was	  made	  using	  absolute	  ethanol	  and	  nuclease	   free	  water.	  The	  routine	  cell	  
culture	  media	  was	  made	   to	   consist	   of	  DMEM	  with	   FBS	   (10%)	   and	   Pen-­‐Strep	   (1%).	  During	  
RNA	   extraction	   after	   the	   addition	   of	   TRIzol	   Reagent,	   workspace	   was	   frequently	   sanitised	  
with	  RNase	  AWAY.	  
ICP-­‐MS	   analyses	   of	   nanoparticle	   cellular	   uptake	   were	   calculated	   for	   gold	   content	   using	  
Agilent	   Technologies	   7700	   series	   ICP-­‐MS.	   Cell	   count	   was	   performed	   using	   Countess	  
Automated	  Cell	  Counter	   (Life	  Technologies).	  RNA	  concentrations	  were	  determined	  using	  a	  
Nano	  drop	   (Thermo	  Scientific,	  USA).	   PCR	   reactions	  were	  made	  using	   7500	   Fast	   Real-­‐Time	  
PCR	  machine	  (Applied	  Biosystems).	  
5.2.2	  MDA-­‐MB-­‐231	  cellular	  uptake	  of	  EGCg-­‐AuNPs	  
MDA-­‐MB-­‐231	   cells	   (4x	   106	   cells)	   in	   cell	   culture	  media	  were	   grown	   in	   Corning	   cell	   culture	  
flask	  (75	  cm2)	  and	  allowed	  to	  adhere	  for	  24	  h.	  Cells	  were	  then	  treated	  with	  dialysed	  EGCg-­‐
AuNPs	  (13.3	  ppm,	  67	  µM,	  Au)	  in	  phosphate	  buffered	  saline.	  After	  3	  h	  incubation	  time,	  cells	  
were	   removed	  using	   TrypLE	   (3	  mL),	   counted,	   centrifuged	   (1200	   rpm,	   5	  min)	   and	   cells	   (3x	  
106)	  were	  place	  into	  a	  weighed	  eppendorf	  tube	  (1.5	  mL).	  These	  were	  then	  centrifuged	  (1200	  
rpm,	  5	  min)	  and	  the	  pellet	  was	  washed	  with	  PBSX1	  (1	  mL).	  Samples	  were	  then	  centrifuged	  
(1200	  rpm,	  5	  min),	  place	  in	  70%	  ethanol	  (centrifuged	  at	  2000	  rpm,	  5	  min)	  and	  dried	  in	  the	  
oven	  (80	  ˚C)	  for	  48	  h.	  
5.2.3	  Gold	  content	  analysis	  	  
Dried	  cells	  were	  weighed	  then	  digested	  in	  with	  aqua	  regia	  for	  30	  min	  and	  diluted	  to	  20	  mL	  
with	  a	   total	  of	  3%	  (v/v)	  aqua	  regia.	  This	  was	  then	  filtered	  using	  a	  10-­‐micron	  syringe	  filter.	  
Gold	   standards	   100,	   50,	   10,	   5.0,	   0.0	   ppb	   in	   3%	   (v/v)	   aqua	   regia	   was	   made	   up;	   refer	   to	  
Appendix	  C	  for	  detailed	  data	  collection	  and	  computation	  of	  results.	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5.2.4	  Gene	  expression	  studies	  
5.2.4.1	  RNA	  extraction	  	  
MDA-­‐MB-­‐231	  cells	   (1x	  106	  cells)	   in	  cell	  media	  were	  plated	   in	  6-­‐well	  plates	  and	  allowed	  to	  
adhere	  for	  24	  h.	  Cells	  were	  then	  treated	  with	  dialysed	  EGCg-­‐AuNPs	  (13.3	  ppm,	  67	  µM).	  After	  
3	  h	  incubation	  time,	  cells	  were	  washed	  with	  cold	  PBSX1	  (1	  mL)	  twice	  to	  remove	  medium	  and	  
unreacted	  nanoparticle.	  Cells	  were	  lysed	  in	  TRIzol	  Reagent	  (1	  mL),	  mixed	  well	  for	  1	  min	  and	  
transferred	   to	   an	   eppendorf	   tube	   (1.5	   mL).	   Chloroform	   (0.2	   mL)	   was	   added	   and	   shaken	  
vigorously	   and	   allowed	   to	   incubate	   for	   3	  min	   then	   centrifuged	   at	   12000	   rpm.	   The	   upper	  
aqueous	  phase	  (0.3	  mL)	  was	  taken	  and	  mixed	  with	  2-­‐propanol	  (0.5	  mL)	  for	  precipitation	  of	  
RNA.	  After	  10	  min	   incubation	  time,	  this	  mixture	  was	  centrifuged	  (12000	  rpm,	  10	  min)	  and	  
the	  RNA	  pellet	  was	  washed	  with	  75%	  ethanol	  (1	  mL).	  Samples	  were	  then	  centrifuged	  (12000	  
rpm,	   10	   min),	   allowed	   to	   dry	   at	   room	   temperature	   and	   then	   re-­‐suspended	   into	   DEPC-­‐
treated	   water	   (20	   µL).	   RNA	   concentrations	   and	   purity	   were	   determined	   using	   nanodrop	  
spectrophotiometer.	  	  
5.2.4.2	  cDNA	  synthesis	  	  
Synthesis	  of	  cDNA	  was	  made	  using	  2	  µg	  of	  RNA	  calculated	  from	  the	  RNA	  concentration.	  Each	  
cDNA	  (20	  µL)	  reaction	  contains	  10X	  RT	  Buffer	  (2.0	  µL),	  10X	  RT	  Random	  Primers	  (2.0	  µL),	  25X	  
dNTP	  Mix	  (100	  mM,	  0.8	  µL),	  MultiScribe	  Reverse	  Transcriptase	  (1.0	  µL),	  DEPC-­‐treated	  water	  
with	  RNA	  sample	  (4.2	  µL)	  and	  2X	  TaqMan	  Universal	  PCR	  Master	  Mix	  (10	  µL).	  The	  PCR	  cycle	  
used	  was	  25	  ˚C	  (10	  min),	  37	  ˚C	  (120	  min),	  85	  ˚C	  (5	  min)	  and	  4	  ˚C	  (hold).	  The	  prepared	  cDNA	  
was	  stored	  at	  -­‐20	  oC	  and	  utilised	  for	  subsequent	  qPCR	  studies. 
5.2.4.3	  Quantitative	  PCR	  (qPCR)	  	  
The	  newly	  synthesised	  cDNA	  (20	  µL)	  was	  diluted	  by	  a	  factor	  of	  5.	  Each	  10	  µL	  PCR	  reaction	  in	  
PCR	  fast	  reaction	  tubes	  contained	  2X	  TaqMan	  Universal	  PCR	  Master	  Mix	  (5.0	  µL),	  nuclease	  
free	  water	   (3.5	   µL),	   Pre-­‐designed	   TaqMan	  Assay	   Primer/Probe	   (2.0	   µL)	   and	   sample	   cDNA	  
(1.0	   µL).	   The	   PCR	   cycles	   used	   were:	   1	   cycle	   of	   95	   ˚C	   (10	   min)	   to	   activate	   the	   enzyme,	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followed	  by	  40	  cycles	  of	  95	  ˚C	  (15	  sec)	  for	  denaturation	  and	  60	  ˚C	  (60	  sec)	  for	  annealing	  and	  
extension.	  
5.3	  Results	  and	  discussion	  
Cytotoxicity	   profiles	   of	   EGCg-­‐AuNPs	  were	   assumed	   to	   be	   non-­‐toxic	   as	   taken	   from	   studies	  
done	  by	  Shukla	  et	  al	  [5].	  
5.3.1	  Cellular	  uptake	  studies	  
Samples	  were	  both	  calculated	  through	  weight	  measurement	  difference	  of	  dried	  cells	  and	  by	  
amount	  of	  cells	  added,	  as	  shown	   in	  Table	  1.	  The	  3	  million	  cells	  pipetted	  and	  counted	  was	  
chosen	  as	  a	  more	  accurate	  measurement	  than	  the	  use	  of	  weights	  of	  dried	  cells	  as	  it	  is	  close	  
to	  the	  detection	  limit	  of	  weighing	  machine	  
ICP-­‐MS	  (weight)	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	   alt-­‐1G(1:1)	  
Au,	  ppb/mg	   44.98	   3.106	   2.279	   43.57	  
TEM	  radii,	  nm	   7.95	   7.16	   6.81	   26.3	  
EGCg-­‐AuNP/cell	   5664	   256.2	   200.4	   152.5	  
	  
ICP-­‐MS	  (cell	  count)	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	   alt-­‐1G(1:1)	  
Au,	  ppb	   53.97	   3.416	   3.191	   65.35	  
3	  million	  cells	  
EGCg-­‐AuNP/cell	   8533	   353.7	   352.2	   287.2	  
Table	  1.	  Gold	  content	  and	  nanoparticle	  uptake	  in	  MDA-­‐MB-­‐231	  cells.	  
By	  observing	  the	  analysis	  of	  raw	  gold	  uptake	  for	  cell	  treated	  with	  EGCg-­‐AuNP	  (67	  mM,	  Au),	  
both	  1G(1:1)	   and	  alt-­‐1G(1:1)	   had	   the	  most	  uptake	  of	   gold.	  However,	   because	  1G(1:1)	   are	  
significantly	   smaller	   in	   size	   compared	   to	   alt-­‐1G(1:1),	   the	   amount	   of	   nanoparticles	   per	   cell	  
(NP/cell)	  would	   be	   different.	   The	   calculated	   nanoparticle	   uptake	   based	   on	   cell	   count	   and	  
TEM	   radii	   are	  8533,	   353.7,	   352.2	   and	  287.2	  NP/cell	   for	   1G(1:1),	   1G(1:  !!),	   1G(1:  !!)	   and	  alt-­‐
1G(1:1).	  This	  huge	  difference	  between	  1G(1:1)	  and	  the	  rest	  indicates	  that	  surface	  properties	  
are	  significantly	  different.	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To	   further	   explore	   the	   effect	   of	   EGCg	   based	   targeted	   cellular	   uptake,	   1G(1:1),	   1G(1:  !!),	  
1G(1:  !!)	   and	   alt-­‐1G(1:1)	   nanoparticles	   were	   synthesised	   as	   per	   the	   protocols	   provided	   in	  	  
Chapter	  3.2.2.1	  and	  3.2.2.2.	  These	  nanoparticles	  were	  left	  at	  room	  temperature	  for	  16-­‐24	  h	  
followed	  be	   further	   addition	   of	   2.29	  mg	   EGCg.	   This	   amount	  was	   based	  upon	   the	   amount	  
used	   in	  1G(1:1)	  and	  alt-­‐1G(1:1)	   synthesis.	  The	  addition	  of	  EGCg	  was	  continued	  every	  24	  h	  
and	  the	  DLS	  radii	  were	  taken	  as	  shown	  in	  Figure	  1.	  
	  
Figure	  1.	  DLS	  radii	  of	  as	  prepared	  EGCg	  treated	  with	  and	  without	  additional	  EGCg.	  
These	  results	  show	  that	  1G(1:1)	  and	  1G(1:  !!)	  had	  no	  increase	   in	  DLS	  radii,	  but	  1G(1:1)	  and	  
alt-­‐1G(1:1)	   had	   a	   significant	   increase	   in	   DLS	   radii.	   This	   shows	   that	   the	   surface	   properties	  
between	  1G(1:1)	  and	  alt-­‐1G(1:1)	  are	  very	  different	  compared	  to	  1G(1:  !!)	  and	  1G(1:  !!).	  The	  
higher	   the	   amount	   of	   free	   EGCg	   added	   for	   the	   1:1	   ratio,	   the	   larger	   the	   clusters	   size	   of	  
nanoparticles	   suggesting	   that	   free	   EGCg	   has	   influence	   on	   the	   EGCg	   coated	   surface.	  
Additionally,	   this	   also	   suggests	   that	   the	   oxidation	   of	   EGCg	  while	   forming	   AuNPs	   undergo	  
significant	  structural	  changes	  between	  the	  ratios	  of	  1:1	  and	  1:  !!.	  This	  may	  also	  be	  the	  reason	  
for	  higher	  gold	  uptake	  of	  1G(1:1)	  in	  MDA-­‐MB-­‐231	  cells.	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The	   280	   nm	   characteristic	   peak	   of	   as	   prepared	   EGCg-­‐AuNPs	   and	   dialysed	   EGCg-­‐AuNPs,	  
corresponds	   to	   the	   π-­‐π	   bonds	   in	   the	   aromatics	   of	   EGCg	   (see	   Figure	   2).	   As	  mentioned	   in	  
Chapter	  3,	  the	  shoulder	  peaks	  in	  1:  !!	  to	  1:  !!	  could	  be	  in	  close	  proximity	  to	  the	  gold	  surface	  
[10,	  11]	  whereas	  the	  1:1	  ratio	  has	  the	  aromatic	  region	  of	  EGCg	  further	  away	  to	  interact	  with	  
solute	  molecules.	  This	  may	  be	  the	  reason	  for	  the	   interaction	  with	  free	  EGCg,	   formation	  of	  
nanoparticle	  clusters	  thereby	  increase	  DLS	  radii.	  	  
	  
	  
Figure	  2.	  UV-­‐visible	  spectra	  of	  EGCg-­‐AuNPs	  as	  prepared	  (Top)	  and	  dialysed	  (Bottom)	  in	  which	  there	  is	  
noticeable	  drop	  in	  280	  nm	  peak	  intensity	  for	  1G(1:1)	  and	  alt-­‐1G(1:1)	  indicating	  a	  loss	  of	  EGCg.	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Following	  on	   to	   the	  graph	   in	  Figure	  3,	   the	   repeated	  synthesis	  and	   treatment	  with	  1G(1:1)	  
labeled	  1,	  2,	  3,	  4	  and	  5	  were	  investigated	  for	  cellular	  uptake	  differences.	  
	  
Figure	  3.	  Points	  labeled	  1,	  2,	  3,	  4	  and	  5	  were	  synthesised	  again	  and	  taken	  for	  cellular	  uptake	  studies.	  
The	   amount	   of	   gold	   uptake	   from	   these	   as	   prepared	   1G(1:1)	   (67	   µM,	   Au)	   treated	   for	   3	   h	  
showed	  a	  huge	   increase	   in	  nanoparticle	  uptake	  and	   then	  saturation,	  as	   shown	   in	  Table	  2.	  
There	  is	  a	  general	  trend	  showing	  that	  the	  higher	  the	  amount	  of	  EGCg	  added,	  the	  higher	  the	  
uptake	  of	  EGCg-­‐AuNPs.	  This	  could	  suggest	  that	  the	  changes	  in	  DLS	  radii	  could	  affect	  cellular	  
uptake	  or	  that	  EGCg	  	  has	  	  influence	  	  in	  	  increasing	  	  the	  	  number	  	  of	  	  nanoparticles	  	  that	  pass	  
through	  the	  cell	  membrane	  or	  both.	  When	  comparing	  both	  Table	  1	  and	  Table	  2,	  although	  
perform	  in	  different	  time	  frames,	  the	  amount	  of	  dialysed	  1G(1:1)	  is	  greater	  in	  uptake	  than	  
as	  prepared	  1G(1:1).	  A	  possible	  hypothesis	  is	  that	  even	  though	  EGCg	  may	  assist	  EGCg-­‐AuNPs	  
entering	  cells,	   it	  may	  also	  be	  possible	  that	  a	  saturation	  of	   free	  EGCg	  molecules	  are	  also	   in	  
competition	  with	  EGCg-­‐AuNPs.	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ICP-­‐MS	  of	  1G(1:1)	  as	  prepared	  
(weight)	  
1	   2	   3	   4	   5	  
Au,	  ppb/mg	   3.239	   16.81	   30.43	   29.06	   28.42	  
TEM	  radii,	  nm	   7.95	   7.95	   7.95	   7.95	   7.95	  
EGCg-­‐AuNP/cell	   584.7	   3034	   5493	   5245	   5130	  
	  
ICP-­‐MS	  of	  1G(1:1)	  as	  prepared	  
(cell	  count)	  
1	   2	   3	   4	   5	  
Au,	  ppb	   6.802	   26.90	   39.56	   34.87	   38.37	  
3	  million	  cells	  
EGCg-­‐AuNP/cell	   1113	   4403	   6475	   5708	   6280	  
Table	  2.	  Gold	  content	  and	  nanoparticle	  uptake	  of	  1G(1:1)	  in	  MDA-­‐MB-­‐231	  cells.	  (1)	  16	  h	  after	  synthesis.	  (2)	  40	  
h	  after	  synthesis.	  (3)	  40	  h	  after	  synthesis	  with	  EGCg	  treatment	  at	  16	  h.	  (4)	  64	  h	  after	  synthesis	  with	  EGCg	  
treatment	  at	  16	  h	  and	  40	  h.	  (5)	  88	  h	  after	  synthesis	  with	  EGCg	  treatment	  at	  16	  h,	  40	  h	  and	  64	  h.	  
5.3.2	  Gene	  expression	  studies	  
The	   genes	   chosen	   for	   gene	   expression	   studies	   are	   known	   to	   be	   overexpressed	   in	   breast	  
cancer	  cells	  and	  are	  related	  to	  cancer	   invasion	  and	  cellular	  migration.	  Vascular	  endothelial	  
growth	   factor	  A	   (VEGF-­‐A)	   is	   a	   dimeric	   glycoprotein	   that	   known	   to	   inducing	   the	   growth	  of	  
blood	  vessels	  [12].	  It	  plays	  an	  important	  role	  in	  breast	  cancer	  development	  and	  progression	  
by	   angiogenesis.	   Matrix	   metalloproteinases	   (MMPs)	   are	   zinc-­‐dependent	   endopeptidases	  
known	  to	  degrade	  components	  of	  the	  extracellular	  matrix	  (ECM),	  cleaving	  cell	  receptors	  and	  
in	  cancer,	  known	  to	  promote	  cellular	  migration	  and	  invasion	  [13].	  Vinculin	  is	  known	  for	  focal	  
adhesion	  and	  adherens	   junctions,	  which	  are	   responsible	   for	  cell	  movement	  and	  spreading	  
[14].	  In	  cancer,	  these	  are	  overexpressed.	  
MDA-­‐MB-­‐231	  cells	  were	  treated	  with	  EGCg	  (67.0	  µM,	  134.0	  µM)	  and	  dialysed	  EGCg-­‐AuNPs	  
in	  which	  the	  concentrations	  of	  EGCg	  chosen	  were	  based	  on	  1X	  and	  2X	  the	  concentration	  of	  
the	   as	   prepared	   1G(1:1)	   (see	   Table	   3).	   After	   dialysis,	   the	   concentrations	   of	   1G(1:1)	   have	  
shown	  a	  large	  decrease	  in	  the	  amount	  of	  free	  EGCg	  characterised	  by	  UV-­‐vis,	  thus,	  in	  reality,	  
amount	  of	  EGCg	  is	  less	  than	  67.0	  µM.	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PCR	   Untreated	   EGCgX1	   EGCgX2	   1G(1:1)	   1G(1:  𝟏𝟐)	   1G(1:  𝟏𝟑)	  
EGCg,	  µM	   -­‐	   67.0	   134	   <	  67.0	   ~	  33.5	   ~	  22.3	  
Au,	  µM	   -­‐	   -­‐	   -­‐	   67.0	   67.0	   67.0	  
Table	  3.	  Treatment	  of	  EGCg	  and	  dialysed	  EGCg-­‐AuNPs	  in	  MDA-­‐MB-­‐231	  cells	  in	  which	  the	  EGCg	  concentrations	  
for	  nanoparticles	  are	  less	  after	  dialysis.	  
The	  comparative	  ∆∆CT	  method	  was	  used	  to	  calculate	  fold	  change	  in	  which	  values	  of	  greater	  
than	   one	   indicate	   up-­‐regulation	   and	   values	   less	   than	   one	   indicate	   down-­‐regulation,	   as	  
shown	  in	  Figure	  4;	  refer	  to	  Appendix	  C	  for	  details	  calculations.	  The	  system	  threshold	  was	  set	  
to	  0.2	  and	  the	  reference	  used	  was	  the	  endogenous	  housekeeping	  gene	  18S.	  	  
	  
	  
	  
Figure	  4.	  Comparative	  ∆∆CT	  method	  in	  calculating	  fold	  change.	  	  
Results	   indicate	   down	   regulation	   of	   all	   these	   genes,	   with	   vinculin	   being	   the	  most.	   EGCg-­‐
AuNPs	  are	  shown	  to	  be	  as	  effective	  and	  more	  compared	  to	  pristine	  EGCg	  of	  both	  1X	  and	  2X	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times	  the	  concentration.	  This	  could	  suggest	  that	  chemically	  altered	  EGCg	  on	  gold	  still	  retain	  
their	  primary	  functions.	  Additionally,	  the	  cellular	  uptake	  of	  EGCg	  could	  be	  much	  greater	  for	  
EGCg-­‐AuNPs	  than	  free	  EGCg	  in	  solution	  due	  to	  the	  well-­‐known	  drug	  delivery	  vechicles	  gold	  
nanoparticles	  are	  [15].	  Also,	  1G(1:1)	  is	  more	  effective	  than	  1G(1:  !!),	  which	  is	  more	  effective	  
than	  1G(1:  !!).	  Although	  1G(1:1)	  have	  shown	  to	  internalise	  many	  more	  fold	  of	  nanoparticles	  
than	   1G(1:  !!)	   and	   1G(1:  !!),	   the	   down	   regulation	   differences	   are	   not	   largely	   in	   that	   order.	  
These	   results	   suggest	   some	   indirect	   factors	   playing	   a	   role	   in	   affecting	   gene	   regulation	   in	  
MDA-­‐MB-­‐231	  cells.	  
	  
5.4	  Conclusions	  
In	   summary,	   the	   ratios	  between	  1:1	  and	  1:  !!	  have	  shown	  drastic	  changes	   in	   the	  structural	  
properties	   of	   EGCg	   coated	   on	   gold	   nanoparticles.	   These	   changes	   allowed	   for	   interactions	  
with	   free	   EGCg	   and	   also	   allowed	   for	   better	   nanoparticle	   uptake	   in	   MDA-­‐MB-­‐231.	  
Additionally,	  free	  EGCg	  allowed	  an	  increase	  in	  DLS	  radii	  and	  in	  turn	  cause	  for	  higher	  cellular	  
uptake.	  This	  could	  be	  due	   to	  either	   free	  EGCg	  or	   the	  effect	  of	   increased	  DLS	   radii	   causing	  
more	  internalisation	  of	  nanoparticles.	  This	  manipulation	  of	  DLS	  radii	  may	  be	  useful	  in	  other	  
applications.	   Additionally,	   1G(1:1)	   have	   also	   shown	   to	   internalise	   20	   times	   more	  
nanoparticles	  the	  other	  optimised	  EGCg-­‐AuNPs.	  
In	  gene	  expression	  studies,	  optimised	  EGCg-­‐AuNPs	  show	  promising	  results	  in	  vitro	  compared	  
to	  pristine	  EGCg.	  However,	  a	  wider	  range	  of	  cancer	  related	  genes	  are	  in	  need	  to	  be	  studied	  
to	  determine	  this.	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6.1	  Summary	  and	  Conclusions	  
Optimisation	   of	   EGCg-­‐AuNPs	   synthesis	   were	   chosen	   based	   the	   morphology,	   size	   and	  
uniformity.	  There	  are	  1G(1:1),	  1G(1:  !!),	  1G(1:  !!)	  and	  alt-­‐1G(1:1),	  which	  was	  also	  showed	  to	  
be	  stable	   in	  high	  salt	  concentrations	   in	  both	  high	  and	   low	  pH	  environments,	  making	  them	  
ideal	  for	  cells	  studies	  in	  vitro.	  
Protein	   interaction	  studies	  show	  that	  1G(1:  !!)	  ~	  1G(1:  !!)	  >	  1G(1:1)	  when	   it	   comes	   to	   force	  
binding	  of	  S-­‐Au	  bonds	  by	  thiolated	  BSA,	  suggesting	  that	  the	  surface	  of	  1G(1:  !!)	  and	  1G(1:  !!)	  
are	  more	  exposed	  than	  1G(1:1).	  Further	  studies	  on	  protein	  interactions	  show	  that	  1G(1:1)	  >	  
1G(1:  !!)	  >	  1G(1:  !!)	  >	  alt-­‐1G(1:1)	  when	  it	  comes	  to	   interaction	  and	  binding	  with	  the	  protein	  
BSA;	   these	   were	   calculated	   through	   apparent	   binding	   and	   dissociation	   constants.	   The	  
interactions	   between	   EGCg-­‐AuNPs	   and	   BSA	   are	   generally	   van	   der	   Waals	   and	   hydrogen	  
bonding,	  but	  at	  lower	  temperatures	  <	  20	  °C,	  are	  showed	  to	  be	  hydrophobic	  in	  nature.	  
Upon	   studying	   the	   degree	   of	   oxidisation	   of	   EGCg	   on	   nanoparticles,	   only	   the	   1:1	   ratio	  
exhibited	  an	  increase	  in	  nanoparticle	  cluster	  size	  and	  hydrodynamic	  radii	  (Stoke	  radii)	  when	  
additional	   free	   EGCg	   was	   added.	   This	   increase	   also	   affected	   the	   amount	   of	   internalised	  
nanoparticles	   in	   MDA-­‐MB-­‐231	   cells	   indicating	   that	   an	   increase	   DLS	   radii	   or	   free	   EGCg	  
assisted	   the	   uptake.	   1G(1:1)	   had	   the	   more	   internalised	   nanoparticles	   in	   MDA-­‐MB-­‐231	  
compared	  to	  the	  rest	  of	  the	  optimised	  EGCg-­‐AuNPs.	  
In	   gene	   expression	   studies,	   1G(1:1),	   1G(1:  !!)	   and	   1G(1:  !!)	   were	   shown	   to	   have	   greater	  
influence	  on	  down-­‐regulating	  vinculin,	  MMP-­‐2	  and	  VEGF-­‐A	  genes	  compared	  to	  free	  EGCg	  of	  
equal	   concentration.	   	   This	   suggests	   that	   chemically	   altered	   EGCg	   on	   gold	   still	   have	   their	  
primary	  functions	  and	  that	  cellular	  uptake	  of	  EGCg	  is	  much	  greater	  in	  EGCg-­‐AuNPs	  than	  free	  
EGCg	   in	   solution.	   These	   results	   have	   led	   to	   a	   conclusion	   that	   EGCg-­‐AuNPs	   are	   potentially	  
better	  than	  EGCg	  as	  anti-­‐cancer	  agents.	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6.2	  Scope	  for	  Future	  Work	  
Although	  EGCg-­‐AuNPs	  synthesis	  have	  been	  optimised,	  a	  lot	  has	  not	  been	  known	  about	  the	  
mechanism	  of	  which	  EGCg	  reacts	  to	  form	  gold	  nanoparticles.	  Throughout	  the	  entire	  thesis,	  
there	  have	  been	  bits	  and	  pieces	  that	  have	  given	  information	  about	  the	  EGCg	  molecules	  on	  
gold.	  The	  1:1	  ratio	  has	  been	  shown	  to	  be	  more	  effect	  in	  interacting	  with	  free	  EGCg	  while	  the	  
other	   optimised	   EGCg-­‐AuNPs	   could	  not.	   This	   difference	  has	   lead	   to	  better	   cellular	   uptake	  
and	  also	  possibly	  manipulating	  DLS	  radii	  sizes	  for	  applications.	  A	  number	  of	  characterisation	  
techniques	   are	   needed	   to	   fully	   piece	   together	   the	   surface	   functionality	   of	   these	   EGCg-­‐
AuNPs.	   This	   is	   important	   to	   know	   because	   it	   will	   assist	   in	   determining	   interactions	   with	  
biological	  systems	  and	  also	  better	  optimise	  EGCg-­‐AuNP	  synthesis	  based	  on	  cellular	  uptake	  
of	  EGCg.	  
Protein	   interactions	  have	  given	  a	   lot	  of	  understanding	  on	   the	   thermodynamic	  parameters	  
and	   the	   interactions	  with	   EGCg-­‐AuNPs.	   However,	   there	   needs	   to	   be	  more	   studies	   on	   the	  
proteins	  of	   a	  wide	   range.	   Introduction	   to	  plasma	  will	   cause	   competition	  binding	  between	  
protein	   molecules,	   which	   will	   determine	   the	   final	   protein	   corona.	   Understanding	   this	  
protein	  corona	  will	  lead	  to	  better	  understanding	  of	  the	  localisation	  of	  nanoparticles.	  
Gene	   expression	   studies	   have	   shown	   that	   EGCg-­‐AuNPs	   are	   greater	   in	   down-­‐regulating	  
cancer	   related	   genes.	   Although,	   potentially	   better,	   more	   studies	   are	   needed	   to	   fully	  
understand	   this	  mechanism.	  Wider	  pools	  of	  genes	  are	  needed	   to	  possibly	  understand	   the	  
affect	  that	  EGCg-­‐AuNPs	  have	  on	  cancer	  cells	  compared	  to	  EGCg.	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Appendix	  A	  –	  Graphs	  and	  Figures	  
TEM	  micrographs	  
	   	  
m(1:1)	   	   	   	   	   	   	   m(1:1/2)	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UV-­‐visible	  Spectra	  of	  EGCg-­‐AuNPs	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Experiment 7: Synthesis of fluorescence labelled bovine serum albumin (BSA), BSA-FITC, 
and determining the amount of BSA bounded per EGCG-AuNP. 
Executive Summary:  
Background: 
Bovine serum albumin is known to interact with EGCG-AuNPs preventing colloidal aggregation. 
UV-visible spectroscopy is not sensitive enough to determine the amount of BSA binding to the 
nanoparticles. Herein, the amount of protein per nanoparticle will be determined using 
fluorescence spectroscopy. 
Part 1: Quantification and synthesis of BSA-FITC 
Synthesis:  
Sodium carbonate (1.06 g) was dissolved in 70 mL water and adjusted with 2 M HCl till pH 9.3 
was attained. BSA (30.2 mg) was left to dissolve in the sodium bicarbonate buffer (3 mL) for 3 
hrs at 4 degrees and was then separated into 3 vials of 1 mL. Fluorescein isothiocyanate 
(FITC), 2 mg, was left to dissolve in 1000 µL buffer for 3 hrs at 4 degrees and protection from 
light. Further 200 µL of this stock was diluted to 500 µL with buffer. This new dilution of FITC 
(200 µL each) was added into 2 vials of BSA buffer and left overnight at 4 degrees. 
A PD-10 column was washed with 25 mL PBS x1 and the crude BSA-FITC (2.4 mL) was loaded 
into the column and 3 mL of purified yellow BSA-FITC was collected and measured with UV-
visible. 
UV-visible measurements: The UV-visible spectrum of FITC (x400 dilution from original) and 
BSA (x10 dilution from original) were taken. 
BSA in PBSx1 Standard Curve: 1000 ppm, 750 ppm, 563 ppm, 422 ppm, 316 ppm, 237 ppm 
were made up to determine the concentration of purified BSA-FITC. 
Results (Data) & Discussion: 
The optical density ratio of FITC 
  
€ 
OD495x
OD280x
 = rFITC (where x is any concentration of FITC)  
Molecular weight of BSA = MWBSA 
Percent extinction coefficient (εpercent) ~ 6.6 
1. Calculation by standard curve: 
Derived from linest function: 
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Slope = m1; Intercept = c1 
Given that FITC also absorbs in the UV region of 280 nm where BSA absorbs and that FITC is 
the only contributor to the 495 nm absorption, using the constant FITC 
  
€ 
OD495x
OD280x
 ratio, the 
BSAOD280 in BSA-FITC can be determined with the following equation: 
BSAOD280 in BSA-FITC = OD280BSA−FITC −
OD495BSA−FITC
OD495x
×OD280x  
[BSA] ppm in BSA-FITC = 
BSA
OD280
− c1
m1
 x Dilution Factor 
2. Calculation by percent extinction coefficient (εpercent): 
[BSA] ppm in BSA-FITC 
= OD280BSA−FITC −
OD495BSA−FITC
OD495x
×OD280x
0.66
×1000×Dilution Factor  
Thus, the average concentration [BSA] ppm is 
[BSA]
standard curve
+ [BSA]εpercent
2
ppm 
[BSA] mM = 
[BSA]
ppm
MW
BSA
 mM
 
3. Labelling ratio 
Given that the FITC extinction coefficient at pH 7.4 = 63000 
[FITC] mM = 
1000 ×BSA−FITC
OD495
63000
×Dilution Factor  
Labelling ratio = 
[FITC] mM
[BSA] mM
 FITC per BSA molecule 
Part 2. Binding studies using fluorescence spectroscopy 
Protocol: 
2-mercaptoethanol (100 mM) in 1xPBS (800 µL) was added to BSA-FITC (800 µL) and left 
overnight at 4 degrees. 
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The BSA-FITC in 2-mercaptoethanol (50 mM) was further diluted 800 times in milliQ water to 
give a stock of 4.72 ppm. 
1. Fluorescence BSA-FITC standard curve: 4.72 ppm, 3.30 ppm, 2.31 ppm, 1.62 ppm, 1.13 
ppm and 0.79 ppm of disulphide reduced BSA-FITC. 
2. Treatment of Nanoparticles with known amount of disulphide reduced BSA-FITC: 1.2 mL of 
dialysed nanoparticles, were treated with disulphide reduced BSA-FITC {[BSA-FITC]ADDED} 
(4.72 ppm, 1.2 mL) and blank water (1.2 mL) and left for an hour away from light. The treated 
nanoparticles were centrifuged at 14500 rpm for 25 mins and the supernatant was taken for 
fluorescence. 
3. Testing for fluorescence quenching or enhancing: additional 0.7 mL of ([BSA-FITC]ADDED)  
4.72 ppm was added into the curvette after the fluorescence spectrum of the supernatant (2.0 
mL) of the dialysed nanoparticles treated with BSA-FITC was taken. 
Results (Data) & Discussion: 
1. Fluorescence BSA-FITC standard curve 
Derived from linest function: 
Slope = m2; Intercept = c2 
2. Treatment of Nanoparticles with known amount of disulphide reduced BSA-FITC 
Concentration of added BSA-FITC = [BSA-FITC]ADDED (ppm) 
Volume of disulphide reduced BSA-FITC used = VolBSA-FITC (L) 
Volume of dialysed nanoparticles used = VolNP used (L) 
From the standard curve of BSA-FITC, the [BSA-FITC]ADDED for treatment of nanoparticles has 
and intensity of:  
IntensityBSA-FITC Theoretical added to nanoparticles = 
[BSA−FITC]
ADDED
Vol
BSA-FITC
+ Vol
NP used
Vol
BSA-FITC
"
#
$
$
%
&
'
'
×m2 +c2  
3. Testing for fluorescence quenching or enhancing 
Added volume for quenched test = Volquench test (L) 
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
 
147 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 
 
 
 
  
Document: Laboratory Report 
Author: Dedrick Song 
Save Date: 07/08/2013 
Page 4 of 8 
 
Volume of treated NP supernatant in curvette = Volcurvette (L) 
Additional volume of Volquench test with concentration of [BSA-FITC]ADDED was added to the 
Volcurvette of dialysed nanoparticles treated with disulphide reduced BSA-FITC supernatant. 
Thus, if there is no quenching or enhancing of fluorescence signal, the theoretical value of 
intensity added is given by the following equation: 
IntensityBSA-FITC non-queched = 
Vol
quenched test
Vol
curvette
 + Vol
quenched test
[BSA-FITC]
ADDED
×m2 + c2  
4. Amount of BSA-FITC adsorbed by nanoparticles 
Treated Nanoparticles give an intensity = IntensityTreated 
Intensity after quenched test = IntenstyQuenched test  
Thus the amount quenched is given by: 
% Quenched  = 1-
Intensity
Quenched test
 - Intensity
Treated
Intensity
BSA-FITC Non-quenched
!
"
#
#
$
%
&
&
×100
 
The BSA-FITC adsorbed intensity is given by the difference between the IntensityBSA-FITC Theoretical 
and IntensityTreated with respect to the % quenched. 
BSA-FITCadsorbed Int = IntensityBSA-FITC Theoretical -
Intensity
BSA-FITC Non-quenched
Intensity
Quenched test
 - Intensity
Treated
(Intensity
Treated
)  
= 
[BSA−FITC]
ADDED
× Vol
BSA-FITC
Vol
BSA-FITC
+ Vol
NP used
×m2 +c2 -
Vol
quenched test
× [BSA-FITC]
ADDED
Vol
curvette
 + Vol
quenched test
×m2 + c2
#
$
%
%
&
'
(
(
Intensity
Quenched test
 - Intensity
Treated
(Intensity
Treated
)  
Using the standard curve, the amount in ppm can be determined: 
[BSA-FITC]adsorbed standard curve  = 
BSA-FITC
adsorbed Int
- c2
m2
 ppm 
Calculation by gradient is given by: 
[BSA-FITC]adsorbed gradient = 
BSA-FITC
adsorbed Int
gradient
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Thus the average concentration in ppm adsorbed is: 
= 
[BSA-FITC]
adsorbed standard curve
 + [BSA-FITC]
adsorbed gradient
2
 
The molar mass of BSA-FITC is given by: 
MWBSA-FITC = MWBSA + (MWFITC x Labelling ratio) 
Given that VolBSA-FITC (L) is the volume of disulphide reduced BSA-FITC used for treatment with 
nanoparticles and that NA is Avogrado’s number, the number of BSA-FITC molecules adsorbed 
is given by: 
BSA-FITCmolecules adsorbed = 
[BSA-FITC]
adsorbed
ppm×10-3 × Vol
BSA-FITC
MW
BSA-FITC
×N
A
 
Part 3. Amount of gold via atomic absorption spectroscopy 
Protocol: 
Purified EGCG-AuNPs (1.667 mL) was digested with aqua regia (300 µL), left for an hour and 
diluted to 5 mL. Crude EGCG-AuNPs (0.5 mL) was digested in aqua regia (600 µL), left for an 
hour and diluted to 10 mL. 
Gold standards 5.0, 8.0, 11.0, 14.0, 17.0, 20.0 ppm in 1% aqua regia were made up.  
Results (Data) & Discussion: 
Derived from linest function: 
Slope = m3; Intercept = c3 
Average dialysed AuNPs give an absorbance = AuNPABS 
Thus, the [Au] ppm is given by: 
[Au]Dialysed NP ppm  = 
AuNP
ABS
- c3
m3
×Dilution Factor  
[Au]Dialysed NP mM  = 
[Au]
Dialysed NP
MW
Au  
Given that the original volume of AuNPs = VolNP reaction vessel (L), the number of gold atoms is 
given by: 
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Auatoms = [Au]Dialysed NP mM x 10-3 x VolNP reaction vessel x NA 
Part 4. Calculation of the number of BSA molecules per nanoparticle 
Gold atomic radii = RadiusAu atom (m); Spherical Volume of Gold atom = SVolAu atom (m3);  
Packing Factor = PF (faced centred cubic; body centred cubic) 
Radius of Nanoparticle = RadiusAuNP 
Assuming that the nanoparticle is spherical, the volume of nanoparticles can be given by: 
SVolAuNP (m3) = 
4
3
π(Radius
AuNP
)3 ×PF  
The number of gold atoms in the nanoparticle is given by: 
Auatoms NP
 
= 
SVol
AuNP
SVol
Au atom
 = 
4
3
π(Radius
AuNP
)3 ×PF
SVol
Au atom
 (Au atoms) 
The total number of nanoparticles in the original reaction: 
TotalAuNP
 
= 
Au
atoms
Au
atoms NP
 = 
Au
atoms
×SVol
Au atom
4
3
π(Radius
AuNP
)3 ×PF
 (Nanoparticles)
 
The concentration of Nanoparticles is given by: 
[AuNP] = 
Total
AuNP
Vol
NP reaction vessel  
= 
Au
atoms
×SVol
Au atom
4
3
π(Radius
AuNP
)3 ×PF × Vol
NP reaction vessel
 
(Nanoparticles per L) 
Given that there is a dilution factor of dialysed AuNP from crude, DFCrudetoDialysed the volume 
used for fluorescence, VolNP used (L), converted back to the crude volume is given by:  
VolCrudetoDialysed = 
Vol
NP used
DF
CrudetoDialysed
 
Therefore the total number of nanoparticles used in fluorescence is given by: 
TotalAuNP Fluorescence = [AuNP] x VolCrudetoDialysed 
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= 
Au
atoms
×SVol
Au atom
4
3
π(Radius
AuNP
)3 ×PF × Vol
NP reaction vessel
×
Vol
NP used
DF
CrudetoDialysed
 (nanoparticles) 
Assuming that the nanoparticle is spherical the total surface area of nanoparticles used in 
fluorescence is given by: 
Surface AreaAuNP Fluorescence  = 4π RadiusAuNP( )
2
× Total
AuNP Fluorescence  
= 
3 × Au
atoms
×SVol
Au atom
× Vol
NP used
Radius
AuNP
×PF × Vol
NP reaction vessel
×DF
CrudetoDialysed   
(m2)
 
Thus the BSA per Nanoparticle is given by: 
BSA
AuNP  
(BSA per nanoparticle) = 
BSA-FITC
molecules adsorbed
Total
AuNP Fluorescence
  
= 
[BSA-FITC]
adsorbed
ppm×10-3 × Vol
BSA-FITC
×N
A
×
4
3
π(Radius
AuNP
)3 ×PF × Vol
NP reaction vessel
×DF
CrudetoDialysed
MW
BSA-FITC
× Au
atoms
×SVol
Au atom
× Vol
NP used  
The surface area taken up per BSA molecule is given by: 
nm2
BSA  
(nm2)= 
Surface Area
AuNP Fluorescence
× 109( )
2
 
BSA-FITC
molecules adsorbed
 
= 
3 × Au
atoms
×SVol
Au atom
× Vol
NP used
× 109( )
2
×MW
BSA-FITC
Radius
AuNP
×PF × Vol
NP reaction vessel
×DF
CrudetoDialysed
× [BSA-FITC]
adsorbed
ppm×10-3 × Vol
BSA-FITC
×N
A
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EGCG-AuNP Ratio Experiment
51.0 mg Au EGCG
25.0 mL 2 1
4.4505 mM 1.6632 0.8316
458.372 g/mol mM mM
99.79 mM
6.0 mL
Ratios λ
Au:EGCG Au EGCG Au EGCG Water nm Const Au Const EGCG
1:1 1 1 0.050 1.121 4.829 1G(1:1) 1E(1:1)
2:1 1 0.5 0.050 0.561 5.389 1G(2:1) 0.5E(2:1)
3:1 1 0.333 0.050 0.374 5.576 1G(3:1) 1/3E(3:1)
4:1 1 0.25 0.050 0.280 5.670 1G(4:1) 0.25E(4:1)
5:1 1 0.2 0.050 0.224 5.726 1G(5:1)
6:1 1 0.167 0.050 0.187 5.763 1G(6:1)
8:1 1 0.125 0.050 0.140 5.810 1G(8:1)
1:1 2 2 0.100 2.242 3.658 560.0 2G(1:1) 2E(1:1)
2:1 2 1 0.100 1.121 4.779 2G(2:1) original
1E(2:1) 
M(2:1)
3:1 2 0.667 0.100 0.747 5.153 528.0 2G(3:1) 2/3E(3:1)
4:1 2 0.5 0.100 0.561 5.339 2G(4:1) 0.5E(4:1)
5:1 2 0.4 0.100 0.448 5.452 2G(5:1)
6:1 2 0.333 0.100 0.374 5.526 2G(6:1) 1/3E(6:1)
8:1 2 0.25 0.100 0.280 5.620 - 2G(8:1) 0.25E(8:1)
1:1 4 4 0.200 4.484 1.316 4G(1:1)
2:1 4 2 0.200 2.242 3.558 4G(2:1) 2E(2:1)
3:1 4 1.333 0.200 1.495 4.305 543.9 4G(3:1)
4:1 4 1 0.200 1.121 4.679 4G(4:1) 1E(4:1)
5:1 4 0.8 0.200 0.897 4.903 4G(5:1)
6:1 4 0.667 0.200 0.747 5.053 4G(6:1) 2/3E(6:1)
8:1 4 0.5 0.200 0.561 5.239 - 4G(8:1) 0.5E(8:1)
1:1 1.5 1.5 0.075 1.682 4.243 545.0
3:1 2.25 0.750 0.113 0.841 5.047 529.9
4:1 2.4 0.6 0.120 0.673 5.207
5:1 2.5 0.5 0.125 0.561 5.314
6:1 2.571429 0.429 0.129 0.480 5.391
8:1 2.667 0.333 0.133 0.374 5.493 -
0.556
Original Ratios
24.444Vol of EGCG Stock
mL
mL
Stock Solutions
Mass of EGCG
Total Volume
EGCG Concentration
EGCG relative mass
Stock Au Conc
Final Volume
Remaining Volume
Naming System
M(1:1)
M(2:1)
Constant total [Conc]
Original
[Conc] x 0.8316 mM Final Volumes, mL
M(3:1)
M(4:1)
M(6:1)
M(8:1) | 1/3E(8:1)
M(5:1) | 0.5E(5:1)
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Data and Calculation for Atomic Absorption Spectroscopy
Calibration Blank
Conc mg/L Abs Preparation of stock solution
0 0.0000 [Au3+] 0.0997901 M
[Au3+] 19.65531451 g/L
Standard Curve
Conc mg/L Abs Abs - Blank
4.992449887 0.1766 0.1766 Matrix Blank
7.999713008 0.2745 0.2745
11.00697613 0.3686 0.3686
13.99458393 0.4496 0.4496
16.98219174 0.5335 0.5335
19.96979955 0.6204 0.6204
Regression Equation and Error Analysis
0.02935606 0.0371815 Intercept (a)
0.00047639 0.0064301 Std Error of Intercept
0.99894773 0.0059685 Standard Error in Y
3797.29737 4 Degree of Freedom
0.13527014 0.0001425 Residual Sum of Squares
N 6
M 3
y bar (average ratio) 0.40386667
Sxx 156.96625
Regression Sum of Squares
Slope (b)
Standard Error of Slope (Sy/x)
1.05% HNO3 
+ 1.44% HCl
0.0040
Correlation Coefficient (R2)
F-Statistic
y"="0.0294x"+"0.0372"
R²"="0.99895"
0"
0.1"
0.2"
0.3"
0.4"
0.5"
0.6"
0.7"
0" 5" 10" 15" 20" 25"
O
p#
ca
l'D
en
si
ty
'
Ag,'ppm'
Gold'Standard'Curve'
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Test Gold Nanoparticle Sample
Abs Abs - Blank Conc mg/L
0.5233 0.5193 16.4231325 Std Dev (Sr)
0.522 0.518 16.3788486 0.001556706
0.5202 0.5162 16.3175325 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.5072 0.5032 15.8746939 Std Dev (Sr)
0.4997 0.4957 15.61921 0.006620423
0.5129 0.5089 16.0688616 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.2835 0.2795 8.2544626 Std Dev (Sr)
0.2873 0.283 8.38390775 0.005586889
0.2763 0.2723 8.00919812 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.2543 0.2503 7.25977886 Std Dev (Sr)
0.2473 0.2433 7.02132728 0.003984972
0.2541 0.2501 7.25296596 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.2868 0.2828 8.36687549 Std Dev (Sr)
0.2825 0.279 8.22039809 0.006133786
0.2747 0.2707 7.9546949 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.2744 0.2704 7.94447555 Std Dev (Sr)
0.2689 0.2649 7.75712073 0.003329164
0.2749 0.2709 7.9615078 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.2854 0.2814 8.31918517 Std Dev (Sr)
0.2832 0.279 8.24424325 0.001193035
0.2835 0.2795 8.2544626 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.2773 0.2733 8.04326263 Std Dev (Sr)
0.2805 0.2765 8.15226907 0.001609348
0.2792 0.2752 8.1079852 2
Averaging mg/L
Dialysed #2 0.275
Dialysed #3 df =
8.101172299
Crude #3 df =
8.215856155
1G(1:1)A
Dialysed #1 Mean (y0)
Dialysed #2 0.2479
Dialysed #3 df =
0.268733333
2G(2:1)A
2G(2:1)A
1G(1:1)A
Crude #1 Mean (y0)
Crude #2 0.278366667
Dialysed #2
Mean (y0)Dialysed #1
16.37317122
df =Crude #3
0.517833333Crude #2
Mean (y0)Crude #1
df =Dialysed #3
0.5026
7.178024032
1G(1:1)
Crude #1 Mean (y0)
Crude #2 0.277333333
Crude #3 df =
8.18065616
1G(1:1)
Crude #2 0.280033333
Crude #3 df =
8.272630341
1G(2:1)
Dialysed #1 Mean (y0)
Dialysed #3 df =
7.887701359
1G(2:1)
Crude #1 Mean (y0)
15.85425516
Dialysed #1 Mean (y0)
Dialysed #2
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Abs Abs - Blank Conc mg/L
0.2883 0.2843 8.41797226 Std Dev (Sr)
0.2927 0.289 8.56785611 0.002872862
0.2937 0.2897 8.60192062 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.2742 0.2702 7.93766264 Std Dev (Sr)
0.2793 0.2753 8.11139165 0.005301258
0.2848 0.2808 8.29874647 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.5156 0.5116 16.1608358 Std Dev (Sr)
0.5222 0.518 16.3856615 0.003332166
0.5197 0.5157 16.3005003 2
Averaging mg/L
Abs Abs - Blank Conc mg/L
0.5054 0.5014 15.8133777 Std Dev (Sr)
0.5075 0.5035 15.8849132 0.004259499
0.5136 0.5096 16.0927067 2
Averaging mg/L
Standard Deviation in Conc, u (using the eqn)
u k (t0.05'') k*u
2G(2:1)A Crude  EGCG-AuNP 0.0317256 mg/L 4.30265273 0.136504317
2G(2:1)A Dialysed EGCG-AuNP 0.1304461 mg/L 4.30265273 0.561264199
1G(1:1)A Crude  EGCG-AuNP 0.110217 mg/L 4.30265273 0.474225276
1G(1:1)A Dialysed EGCG-AuNP 0.0789531 mg/L 4.30265273 0.339707562
1G(1:1) Crude  EGCG-AuNP 0.1209448 mg/L 4.30265273 0.520383614
1G(1:1) Dialysed EGCG-AuNP 0.0660791 mg/L 4.30265273 0.284315227
1G(2:1) Crude  EGCG-AuNP 0.0249857 mg/L 4.30265273 0.107504828
1G(2:1) Dialysed EGCG-AuNP 0.0328333 mg/L 4.30265273 0.141270248
1G(3:1) Crude  EGCG-AuNP 0.0571191 mg/L 4.30265273 0.245763489
1G(3:1) Dialysed EGCG-AuNP 0.1046245 mg/L 4.30265273 0.450162939
2G(3:1) Crude  EGCG-AuNP 0.0660511 mg/L 4.30265273 0.284194796
2G(3:1) Dialysed EGCG-AuNP 0.0841518 mg/L 4.30265273 0.36207593
Concentration of Au in EGCG-AuNP AAS sample
2G(2:1)A Crude  EGCG-AuNP 16.373 ± mg/L
2G(2:1)A Dialysed EGCG-AuNP 15.854 ± mg/L
1G(1:1)A Crude  EGCG-AuNP 8.216 ± mg/L
1G(1:1)A Dialysed EGCG-AuNP 7.178 ± mg/L
1G(1:1) Crude  EGCG-AuNP 8.181 ± mg/L
1G(1:1) Dialysed EGCG-AuNP 7.888 ± mg/L
1G(2:1) Crude  EGCG-AuNP 8.273 ± mg/L
1G(2:1) Dialysed EGCG-AuNP 8.101 ± mg/L
Dialysed #1 Mean (y0)
Dialysed #2 0.275433333
Dialysed #3 df =
8.115933588
95% confidence coverage
0.474
Dialysed #2 0.504833333
Dialysed #3 df =
15.93033257
1G(3:1)
Crude #1 Mean (y0)
Crude #2 0.287566667
Crude #3 df =
8.529249663
1G(3:1)
2G(3:1)
Dialysed #1 Mean (y0)
0.561
Crude #2 0.515166667
Crude #3 df =
16.28233253
0.108
0.141
Mean (y0)
0.340
0.520
0.284
0.137
2G(3:1)
Crude #1
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1G(3:1) Crude  EGCG-AuNP 8.529 ± mg/L
1G(3:1) Dialysed EGCG-AuNP 8.116 ± mg/L
2G(3:1) Crude  EGCG-AuNP 16.282 ± mg/L
2G(3:1) Dialysed EGCG-AuNP 15.930 ± mg/L
Concentration of Au in EGCG-AuNP reaction vessel
20  therefore the concentration of the initial reaction is:
327.463 ± 2.730 mg/L 317.085 ± 11.225 mg/L
164.317 ± 9.485 mg/L 143.560 ± 6.794 mg/L
163.613 ± 10.408 mg/L 157.75403 ± 5.686 mg/L
165.453 ± 2.150 mg/L 162.023 ± 2.825 mg/L
170.585 ± 4.915 mg/L 162.319 ± 9.003 mg/L
325.647 ± 5.684 mg/L 318.607 ± 7.242 mg/L
Mass of HAuCl4.3H2O = 3.934 g 1
Molar Mass = 393.8333 g/mol
Stock Volume 2G = 0.100 L
Stock Volume 1G = 0.050 L
Gold Atomic Mass = 196.9666 g/mol
Purity = 99.9 %
Stock Conc. [Au3+] = 99.7900889 mM
Original Conc of Au used reaction (2G) = 1.6631681 mM
Original Conc of Au used reaction (1G) = 0.8315841 mM
0.0250 mM 0.8241 ± 0.0457 mM
Mole Ratio =
2G(3:1) Crude EGCG-AuNP 2G(3:1) Dialysed EGCG-AuNP
1.6533 ± 0.0289 mM 1.6176 ± 0.0368 mM
1.6625 ± 0.0139 mM mM±
0.246
0.450
0.284
0.362
1G(1:1)A Crude EGCG-AuNP 1G(1:1)A Dialysed EGCG-AuNP
0.8342 ± 0.0482
1.6098
mM
1G(2:1) Crude EGCG-AuNP 1G(2:1) Dialysed EGCG-AuNP
0.8400 ± 0.0109 mM 0.8226
Dilution Factor for AAS = 
1G(1:1) Crude EGCG-AuNP
0.8307 ±
2G(2:1)A Dialysed EGCG-AuNP2G(2:1)A Crude EGCG-AuNP
mM 0.7289 ± 0.0345 mM
1G(1:1) Dialysed EGCG-AuNP
0.0528 mM 0.8009 ± 0.0289
Dilution Factor 
from Stock to 
reaction =
60
0.0570
± 0.0143 mM
1G(3:1) Crude EGCG-AuNP 1G(3:1) Dialysed EGCG-AuNP
0.8661 ±
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Total Gold Content from AAS
2G(2:1)A Crude  EGCG-AuNP 1.663 mM
1G(1:1)A Crude  EGCG-AuNP 0.834 mM
1G(1:1) Crude  EGCG-AuNP 0.831 mM
1G(2:1) Crude  EGCG-AuNP 0.840 mM
1G(3:1) Crude  EGCG-AuNP 0.866 mM
2G(3:1) Crude  EGCG-AuNP 1.653 mM
Instrumental deviation from theoritical
2G(2:1)A Crude  EGCG-AuNP -0.0382 %
1G(1:1)A Crude  EGCG-AuNP 0.1597 %
1G(1:1) Crude  EGCG-AuNP -0.0553 %
1G(2:1) Crude  EGCG-AuNP 0.5064 %
1G(3:1) Crude  EGCG-AuNP 2.0737 %
2G(3:1) Crude  EGCG-AuNP -0.5930 %
Variance = 0.9877
Standard deviation = 0.9938 %
Percentage Yield of purified EGCG-AuNPs
2G(2:1)A Crude  EGCG-AuNP 96.83 %
1G(1:1)A Crude  EGCG-AuNP 87.37 %
1G(1:1) Crude  EGCG-AuNP 96.42 %
1G(2:1) Crude  EGCG-AuNP 97.93 %
1G(3:1) Crude  EGCG-AuNP 95.15 %
2G(3:1) Crude  EGCG-AuNP 97.84 %
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Calc%of%N
P%per%cells%after%3h%treatm
ent%and%ICP5M
S
0.02
L
volum
e+after+dilution
Blank
1.838
ppb
53.97
ppb
3.4167
ppb
3.1906
ppb
65.354
ppb
52.132
m
inus+blank
1.5787
m
inus+blank
1.3526
m
inus+blank
63.516
m
inus+blank
1.2
m
g%cells
1.1
m
g%cells
1.4
m
g%cells
1.5
m
g%cells
8.68867E=07
g/+1+m
g+cells
2.87036E=08
g/+1+m
g+cells
1.93229E=08
g/+1+m
g+cells
8.4688E=07
g/+1+m
g+cells
m
oles+of+Au+=
4.41139E=09
m
ol
1.45733E=10
m
ol
9.81055E=11
m
ol
4.29976E=09
m
ol
Avogadro's+num
ber
6.022E+23
Au+atom
s
2.65654E+15
8.77606E+13
5.90791E+13
2.58931E+15
TEM
%radii%size
7.95
nm
7.16
nm
6.81
nm
26.3
nm
Gold+atom
ic+Radii+=
144
pm
Volum
e+of+gold+atom
+=
1.25077E=29
m
3
Vol+of+N
P+x+PF
1.55748E=24
m
3
1.13778E=24
9.78953E=25
5.63881E=23
N
o+Au+atom
s+in+N
P
124521.8687
90966.88229
78268.24201
4508286.307
N
o+of+N
Ps
21333898395
964753415.3
754828830.3
574345342.1
Cells%in%1%m
g
3766000
N
P+per+cell+=+
5664.869462
1G(1:1)
256.1745659
1G(2:1)
200.4325094
1G(3:1)
152.5080569
A=1G(1:1)
PART%2%Treatm
ent%w
ith%tim
e%+%EGCg%increm
ent
1
2
3
4
5
6.8021
ppb
26.8969
ppb
39.559
ppb
34.872
ppb
38.369
ppb
2.1
m
g%cells
1.6
m
g%cells
1.3
m
g%cells
1.2
m
g%cells
1.35
m
g%cells
6.47819E=08
g/+1+m
g+cells
3.36211E=07
g/+1+m
g+cells
6.086E=07
g/+1+m
g+cells
5.812E=07
g/+1+m
g+cells
5.6843E=07
g/+1+m
g+cells
m
oles+of+Au+=
3.28909E=10
m
ol
1.707E=09
m
ol
3.08997E=09
m
ol
2.95085E=09
m
ol
2.88602E=09
m
ol
Avogadro's+num
ber
6.022E+23
Au+atom
s
1.98069E+14
1.02796E+15
1.86078E+15
1.777E+15
1.73796E+15
TEM
%radii%size
7.95
nm
7.95
nm
7.95
nm
7.95
nm
7.95
nm
Gold+atom
ic+Radii+=
144
pm
Volum
e+of+gold+atom
+=
1.25077E=29
m
3
Vol+of+N
P+x+PF
1.55748E=24
m
3
1.55748E=24
1.55748E=24
1.55748E=24
1.55748E=24
N
o+Au+atom
s+in+N
P
124521.8687
124521.8687
124521.8687
124521.8687
124521.8687
N
o+of+N
Ps
1590635971
8255232847
14943386668
14270615070
13957055125
Cells%in%1%m
g
2720300
N
P+per+cell+=+
584.7281443
1G(1:1)+16+hr
3034.677369
1G(1:1)+40+hr
5493.28628
1G(1:1)+40+hr+++EGCg
5245.971058
1G(1:1)+64+hr+++EGCg
5130.70438
1G(1:1)+88+hr+++EGCg
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Synthesis)and)Quantifcation)of)Flourescence)labelled)protein)BSA8FITC
BSA$Standard$Curve$in$1x$PBS
Conc,)ppm Abs
1000 0.6269
750 0.4705
562.5 0.3474
421.9 0.2612
316.4 0.1963 [Standard)Curve):)take)out)0.5)mL)and)add)0.5)mL)water.)Total)volume)=)2)mL]
237.3 0.1455
Linest$Equation
Slope Intercept
0.000631503 10.004774325
FITC$at$495$nm$and$280$nm$ratios$(in$1x$PBS)
x400)dilution
OD495 1.1631
OD280 0.3723
rFITC 3.124093473
Determining$actual$BSA$in$BSAGFITC$in$1x$PBS
OD495 0.8061
OD280 0.4993
Concentration$of$BSA$in$BSAGFITC$sample
BSA8FITC)dilution)factor)before)UV)= 20
BSA;molar;mass;= 66400 g/mol
FITC;extinction;coefficient;@;pH;7.4 63000
Standard;Curve;= 7792.43688 ppm
Protocol;Calc.;= 7311.307556 ppm [Assuming)percent)extinction)coefficient,)εpercent)=)6.6]
Average;= 7551.872218 ppm
0.113733015 mM
FITC$Concentration
Protocol;[FITC];= 0.255904762 mM
Labelling;ratio;= 2.25004816 FITC;per;BSA;molecule
[Legend:)Green)=)Spectroscopy)viarable,)needs)to)be)
inputed;)Blue)=)experimental)viarable,)if)experimental)
conditions)are)the)followed,)this)stays)the)same]
[Because)FITC)absorbs)in)the)UV)region)of)280)nm)where)BSA)absorbs,)it)is)
important)to)know)the)ratio)in)which)then)the)FITC)amount)in)BSA8FITC)can)
be)deducted,)thus)the)amount)of)BSA)in)BSA8FITC)can)be)determined]
OD280;of;BSA;in;
BSA1FITC
0.241273149
[BSA8FITC)@)OD495)is)the)result)of)FITC)only,)thus)the)contribution)of)FITC)@)
OD280)in)BSA8FITC)can)be)determined)by)the)dividing)it)with)rFITC.)Thus)the)
BSA)@)OD280)in)BSA8FITC)can)be)found)by)the)difference)between)the)two]
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Fluorescence)Spectroscopy)@)495)nm)excitation)and)520)nm)emission
BSAGFITC$Standard$Curve
[BSA8FITC)800)µL)was)added)to)800)µL)of)28mercaptoethanol)(100)mM))in)1x)PBS]
BSA1FITC;+;21mecaptoethanol;(50;nM);in;1x;PBS 3776 ppm
Dilution)Factor)= 800
Blank)= 0.546
Conc,)ppm Intensity
4.72 141.281
3.30 95.719
2.31 61.815
1.62 40.765
1.13 28.554
0.79 20.24
Linest$Equation
Slope Intercept
30.13277131 16.343698822
Treatment$of$Nanoparticles$with$BSAGFITC$+$2GME
[800x)diluted)BSA8FITC)+)28ME)was)diluted)2x)having)been)added)to)NPs]
Dilution)Factor 2
2.359960068 ppm
64.768 Intensity
Test$for$Fluorescence$Quenching$or$Enhancing
Added)Volume)= 0.700 mL
Final)Volume)= 2.700 mL
1.224 additional;ppm
30.529 additional;Intensity;(theoretical)
Intensity)8)blank
140.735
95.173
61.269
Therefore,;if;no;quenching;or;
enhancing;by;EGCG1AuNPs
Added;BSA1FITC;+;21ME;for;
treatment
[This)is)left)for)an)hour)and)then)
centrifuge)for)2)hr)@)12000)rpm]
40.219
28.008
19.694
[Standard)Curve):)take)out)0.6)mL)and)add)0.6)mL)
water.)Total)volume)=)2)mL]
[0.7)mL)of)800x)diluted)BSA8FITC)+)28ME)was)added)to)2)mL)of)dialysed)EGCG8AuNP)treated)with)BSA8FITC)+)28ME)
supernatant)in)a)curvette]
y;=;28.62x;
R²;=;0.98854;
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Amount$of$BSAGFITC$adsorbed$by$Nanoparticles
0.347
Intensity
49.717
23.07380154
0.590
0.230106329 ppm
0.020616442 ppm
0.125361386 ppm
Atomic)Absorption)Spectroscopy)of)gold)[Au3+]
Preparation$of$gold$standards
Mass)of)HAuCl4.3H2O)= g Mole;Ratio;= 1
Molar;Mass;= g/mol
Stock)Volume)= L
Gold;Atomic;Mass;= g/mol
Purity;= %
Stock;Concentration;[Au3+];= 99.79008885 mM
Original;Conc;of;Au;used;reaction;=; 1.663168148 mM [Au3+] 0.099790089 M
[Au3+] 19.65531451 g/L
Gold$Standard$Curve
Calibration0Blank
Conc;mg/L Abs
0 0.0000
Conc)mg/L Abs Abs;1;Blank
4.992449887 0.1766 0.1766
7.999713008 0.2745 0.2745
11.00697613 0.3686 0.3686
13.99458393 0.4496 0.4496
16.98219174 0.5335 0.5335
19.96979955 0.6204 0.6204
Linest$Equation
Slope Intercept
0.029356064 0.037181464
Treated)AuNP)centrifuge)+)Test)
(observed))=
Difference;=
73.202
Treated)AuNP)centrifuged)=
Intensity;1;Matrix
0.0040
99.9
Matrix$Blank
1.05%)HNO3)+)1.44%)HCl
Preparation$of$stock$solution
[5,)8,)11,)14,)17)and)20)ppm)standards)were)made)from)
the)stock)gold)solution]
49.37
72.855
AuNP)matrix)centrifuged)Blank)=
23.485
%;Quenched
Intensity;adsorbed;by;NP
60
Dilution)Factor)
from)Stock)to)
reaction)=
3.934
393.8333
0.100
196.9666
By)gradient)=
Average;=
[By)gradient,)use)the)standard)curve)formula)in)the)
graph)provided)y)=)mx;)Intensity)=)m*(ppm))]
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Gold$Nanoparticle$Sample
AuNP Abs Abs;1;Matrix
Dialysed;#1 0.2744 0.2704
Dialysed;#2 0.2689 0.2649
Dialysed;#3 0.2749 0.2709
Averaging
Total;dilution;factor;from;crude;(for;AAS);=; 20 ;therefore;the;concentration;of;the;initial;reaction;is:
[3)mL)of)crude)was)dialysed)and)made)up)to)20)mL.)Another)1)in)3)dilution)was)made)before)AAS]
AuNP;dialysed;= 157.7540272 mg/L
0.800917654 mM
Calculating)the)Number)of)BSA)molecules)per)Nanoparticle
Gold;atomic;Radii;= 144 pm
Volume;of;gold;atom;= 1.25077E129 m3
Avogrado's;number;= 6.02214E+23 mol11
FITC;molar;mass;= 389.382 g/mol
BSA;molar;mass;= 66400 g/mol
Experimental$Factors
2.25004816 FITC;per;BSA;molecule
67276.12825 g/mol
6.00 mL [the)original)total)volume)when)NPs)were)synthesised]
5.000 [the)dilution)factor)after)crude)was)dialysis]
1.50 mL [volume)of)dialysed)NP)used)for)fluorescence]
0.74 [Faced)centred)cubic)=)0.74;)Body)centred)cubic)=)0.68]
Spectroscopy$Data$and$Variable$Factors
Concentration;via;Atomic;Absorption;
of;dialysed;NPs;in;6;mL;original;
volume;(data;above);=
0.800917654 mM
Volume;of;dialysed;NP;used;from;
6mL;original;volume;=
0.3 mL
Conc;mg/L
7.944475545
7.757120731
7.961507801
7.887701359
[Is)needed)cause)the)amount)of)ppm)absorbed)by)the)
NPs)is)known.)This)is)used)to)find)the)number)of)moles)
absorbed]
BSA8FITC)volume)used)for)
Fluorescence)=
[Dialysed)samples)have)been)diluted)3)mL)in)20)mL)
from)the)crude]
[3)repeats)independent)samples)were)
made)to)reduce)error]
1.50 mL
Labelling;ratio;(data;above);=
BSA1FITC;molar;mass;=
Volume)of)reaction)vessel)=
Dilution)factor)of)dialysed)NP)=
Volume)of)dialysed)NP)used)=
Packing)efficiency)of)Gold)atoms)=
[From AAS data]
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145.63 nm
Calculation$and$numbers
2.89394E+18 Au;atoms [Change)to)moles)x)by)Avogrado's)no]
1.55748E124 m3 [Assumsing)spherical)vol,)radius)data]
124521.8687 Au;atoms [Volume)of)NP/Volume)of)Au)atom]
3.87341E+15 Nanoparticles;per;L [Total)no.)of)NPs/Volume]
(PF;x;TEM;volume;within;DLS) 1598.175654 NPs;in;cluster
Conc;of;NP;cluster 2.424E+12
727092931.5 Nanoparticles
2315.02173 BSA)per)NP
8.68647E+15 m12
BSA;per;nP 1.44854023
[Assumption)that)nanoparticle)is)spherical)and)
uniform,)this)is)needed)to)determine)the)volume)and)
number)of)gold)atoms)within)the)NP]
Transmission)Electron)Microscopy)
(average)radius))=
7.95 nm
BSA1FITC;adsorbed;from;
fluorescence;(data;above);=
0.125361386 ppm
[Surface)area)of)sphere)x)No.)of)NPs]
Dynamic)Light)Scattering)(radius))=
[Change)ppm)to)Molarity)x)by)volume)
used)to)get)moles)x)by)Avogrado's)no.]
[Conc)of)NPs)x)vol)used)for)Fluoresc.]
Nanoparticles;in;6;mL;reaction;vessel
Concentration;of;Nanoparticles;=
NP;Cluster;used;in;fluorescence;=
[Total)no.)of)Au)
atoms/Au)atoms)in)NP]
Total;no.;of;Au;atoms;(from;AAS);=
Volume;of;NP;x;Packing;Factor;=
Number;of;gold;atoms;in;a;NP;=
Total;number;of;NPs;in;the;6;mL;
reaction;vessel;=
2.32404E+13
[Fluorescence)data)of)adsorbed)BSA8FITC)by)NPs]
Number;of;BSA1FITC;molecules;
adsorbed;by;NPs;=
1.68324E+12 molecules
BSA)perCluster)Nanoparticle)=
BSA;per;surface;area;of;NP;=
Surface)area)taken)up)per)BSA)
molecule)=
115.1215137 nm2
Total;surface;area;of;NPs;in;
fluorescence;=
0.000193777 m2
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Concentration
1G(1:1)
0.8009
m
M
Blank
4470
BSA<Conc
20.6
m
g<in<100<m
L
IN
PU
T&DATA
1G(2:1)
0.8226
m
M
Int<M
ax
5731670
Rel<M
ass<(BSA)
66463
IM
PO
RTAN
T
1G(3:1)
0.8241
m
M
Int<M
ax<G<Blk
5727200
BSA<Conc
3.099468877
µM
REFEREN
CED
A1G(1:1)
0.7289
m
M
Dilution<Factor
0.45
BSA&Conc&U
sed
1.394760995
µM
Dilutions<of<N
P
Final&Conc
Intensity
Int<G<Blk
%
Q
uenched
1G(1:1)
0.004
3.2036
µM
4745520
4741050
17.21871071
Kd
13.64
0.01
8.009
µM
3494380
3489910
39.06428971
0.02
16.018
µM
2257360
2252890
60.66332588
0.05
40.045
µM
760330
755860
86.80227685
0.1
80.09
µM
217990
213520
96.27182567
0.25
200.225
µM
34140
29670
99.4819458
1G(2:1)
0.004
3.2904
µM
5209290
5204820
9.121036458
Kd
22.56
0.01
8.226
µM
4402520
4398050
23.20767565
0.02
16.452
µM
2801060
2796590
51.17003073
0.05
41.13
µM
958280
953810
83.34596312
0.1
82.26
µM
302350
297880
94.79885459
0.25
205.65
µM
29500
25030
99.5629627
1G(3:1)
0.004
3.2964
µM
5157780
5153310
10.02042883
Kd
20.56
0.01
8.241
µM
4180630
4176160
27.08199469
0.02
16.482
µM
2665520
2661050
53.53663221
0.05
41.205
µM
1116100
1111630
80.59034083
0.1
82.41
µM
362770
358300
93.74388881
0.25
206.025
µM
68980
64510
98.87362062
A1G(1:1)
0.004
2.9156
µM
5485690
5481220
4.294943428
Kd
37.71
0.01
7.289
µM
5012710
5008240
12.55342925
0.02
14.578
µM
3974530
3970060
30.68061182
0.05
36.445
µM
2411660
2407190
57.96916469
0.1
72.89
µM
1408730
1404260
75.48086325
0.25
182.225
µM
602840
598370
89.55213717
Masters	  Thesis	   Dedrick	  Song	   RMIT	  University,	  Australia	  
 
164 
 
	  
	  
Stern&Volm
et+Plot+&+determ
ining+nature+of+quenching
1G(1:1)
1G(2:1)
1G(3:1)
alt&1G(1:1)
F0/F
[Q
],+M
F0/F
[Q
],+M
F0/F
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Sphere&of&Action&Static&Q
uench&M
ethod&3&alternative&to&finding&dynam
ic&constant
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1G(3:1)
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14.296
2to1
15.117
3to1
13.348
M
M
P2
CT$Value
dCT
ddCT
2^ddCT
O
n$graph
U
ntreated
37.27
21.871
0
1
1
EGCG1
36.919
22.108
0.237
1.17853941
0.8485079
EGCG2
36.581
22.596
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